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Background: Total variation regularized expectation maximization (TVREM) reconstruction algorithm on 
the image quality of gallium (68GA) prostate-specific membrane antigen-11 ([68Ga]Ga-PSMA-11) total-body 
positron emission tomography/computed tomography (PET/CT).
Methods: Images of a phantom with small hot sphere inserts and the total-body PET/CT scans of 
51 prostate cancer patients undergoing [68Ga]Ga-PSMA-11 were reconstructed using TVREM with 5 
different penalization factors between 0.09 and 0.45 and for 20-, 40-, 60-, 120-, and 300-second acquisition, 
respectively. As a comparison, the same data were also reconstructed using the ordered subset expectation 
maximization (OSEM) with 3 iterations, 20 subsets, and 300 second acquisition. The contrast recovery 
coefficients (CRC) and background variability (BV) of the phantom, the tumor-to-background ratios (TBR), 
the contrast recovery (CR) ratio, the image noise of the liver, and maximum standard uptake value (SUVmax) 
of the lesions were calculated to evaluate the image quality. The clinical performance of the images was 
evaluated by 2 radiologists with a 5-point scale (1-poor, 5-excellent).
Results: The TVREM reconstructions groups fwith 120 second acquisition and the penalization of 0.27 
to 0.45 showed the best performance in terms of CR, TBR, image noise, and the gain of SUVmax compared 
to that obtained in the OSEM 300 second group. Even the image noise of the TVREM 120 second group 
with a penalization factor of 0.27 and 0.36 was comparable to the OSEM 300 second group; the lesions’ 
SUVmax increased by 28% whereas the image noise decreased by 5% and 14%, respectively. The TVREM 
120 second group with a penalization factor of 0.36 (5.00±0.00) had the highest qualitative score that equaled 
OSEM and TVREM for the 300 second (P>0.05) group.
Conclusions: Our study has shown the potential of the TVREM reconstruction algorithm with optimized 
penalization factors to achieve comparable [68Ga]Ga-PSMA-11 total-body PET/CT image quality with a 
shorter acquisition time, compared with the conventional OSEM reconstruction algorithm.

Keywords: Image quality; prostate-specific membrane antigen; reconstruction algorithm; total-body positron 

emission tomography/computed tomography (PET/CT); uEXPLORER
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Introduction

Prostate-specific membrane antigen (PSMA) positron 
emission tomography (PET) is increasingly being applied 
to the imaging of prostate cancer (PCa) (1), which is the 
third most common cause of cancer death in Europe. 
In contrast to computed tomography (CT), magnetic 
resonance imaging (MRI), and choline-based PET imaging, 
[68Ga]Ga-PSMA PET has achieved improved detection 
performance by taking advantage of the specific biological 
characteristics of PSMA expression upregulated in PCa 
cells of varying disease stages (2). Afshar-Oromieh et al. 
showed that [68Ga]Ga-PSMA PET has better PCa detection 
performance compared to [18F]F-fluoromethylcholine 
PET (3). Correspondingly, Pfister et al. (4) found that 
[ 68Ga]Ga-PSMA PET performed better than [18F]
F-fluoroethylcholine PET in individuals with biochemical 
recurrence. Studies have also highlighted the advantage of 
[68Ga]Ga-PSMA in high detection accuracy of the prostate 
primary tumor, metastasis (5), and tumor recurrence (6). 
In recent years, targeting [68Ga]Ga- or [18F]F-labeled PET 
agents to PSMA has become increasingly essential. [68Ga]
Ga-PSMA-11 (syn. [68Ga]Ga-PSMA-HBED-CC), and 
the theranostic agents [68Ga]Ga-PSMA-617 and [68Ga]
Ga-PSMA-I&T are the most extensively utilized [68Ga]
Ga-labelled PSMA ligands for PET imaging (7,8). [18F]
F-DCFBC (9,10), [18F]FDCFPyL (11), and [18F]F-PSMA 
1007 are some of the agents that have been labeled with [18F]
F (12). In this study, we aimed only to investigate [68Ga]Ga-
PSMA-11.

Currently, statistical iterative reconstruction methods 
are the most widely used image reconstruction methods 
and the ordered subset expectation maximization (OSEM) 
algorithm is the gold standard. OSEM algorithms approach 
the acquired image by successive updated approximations, 
repeated until the difference between the projections of the 
reconstructed image and the actual recorded one falls below 
a specific level. The OSEM algorithm has a limited number 
of iterations and subsets to suppress image noise, which is 
a balance between noise and accuracy. This early stop leads 
to a bias in the final image estimate toward the initial image 
and to a decrease in contrast recovery (CR), signal-to-noise 
ratio (SNR), and image quality, which is partly accountable 

for the ineffective convergence of the algorithm. This may 
generate suboptimal image quality and inaccuracies in a 
quantitative assessment (13,14). 

Total variation regularized expectation maximization 
(TVREM), a novel Bayesian penalized likelihood (BPL) 
reconstruction algorithm, can complete convergence 
while limiting image noise (15) and preserving edges (16) 
compared to the OSEM algorithm, due to the application 
of regularization strength parameter (β) that is added to 
the likelihood function. Thereby, it may further improve 
the sensitivity and accuracy in quantitative evaluation and 
shorten acquisition time (17) or reduce administrated dose. 
The penalization function is a difference and sum between 
neighboring voxels, which incorporates the pixel-to-pixel 
total variation, global noise equivalent counts, and local 
sensitivity profile. Until recently, abundant studies have 
shown promising results on [68Ga]Ga-PSMA conventional 
PET for BPL (18,19). The BPL reconstruction algorithm 
(Q.CLEAR) proposed by GE Healthcare (Chicago, IL, USA) 
claims to enhance image accuracy, and has a superior SNR to 
that of the conventional iterative reconstruction algorithm, 
according to quantitative evaluation (20,21). Ter Voert et al. 
reported an optimal SNR of β values between 400 and 550 
for [68Ga]Ga-PSMA clinical scanning (18). However, the 
previous studies were performed on conventional PET/CT 
scanners with a standard axial field of view (AFOV) of 30 cm 
which limit the system sensitivity. 

To overcome the limitation of low sensitivity and short 
AFOV in current clinical PET scanners, a 194-cm-long 
PET/CT system for total-body imaging (uEXPLORER; 
United Imaging Healthcare, Shanghai, China) was 
developed. Compared with conventional scanners, the 
massively increased sensitivity of the uEXPLORER 
substantially improves the PET image quality through 
a high SNR that supports the high spatial and temporal 
resolution and also provides much better lesion detection 
and region of interest (ROI) quantification results, 
which can be utilized to shorten the acquisition time 
while maintaining comparable image quality and lesion 
detectability in oncological studies (22).

The [68Ga]Ga has shown different uptake patterns due to 
the different positron energies, positron ranges, background 
activities, tumor-to-background ratios (TBR) (23), and 
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pharmacodynamics in contrast to [18F]F-FDG PET. To our 
knowledge, no previous study had evaluated the [68Ga]Ga-
PSMA-11 image quality reconstructed with TVREM on 
total-body PET. Therefore, the goal of this study was to 
evaluate the image quality of [68Ga]Ga-PSMA-11 on total-
body PET and explore the optimal regularization parameter 
β in the TVREM algorithm to achieve better image quality.

Methods 

Patients

A total of 51 patients [age 68.75±7.35 years, weight 
67.87±9.84 kg, with a mean serum prostate-specific antigen 
(PSA) level of 29.48±35.99 ng/mL] who had been referred 
to undergo [68Ga]Ga-PSMA-11 total-body PET/CT were 
retrospectively enrolled. 

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study was 
approved by the Ethics Board of Renji Hospital, School 
of Medicine, Shanghai Jiao Tong University and informed 
consent was provided by all the patients. The patient 
information is displayed in Table 1. The selection criteria for 
patients were based on the following: (I) a surgical history 
of PCa or proven biopsy results; (II) a feasible serum PSA 
test; (III) the discovery of PSMA-positive malignant lesion/
s on PET images. There were no adverse effects observed 
after injection of [68Ga]Ga-PSMA-11. In all reconstruction 
groups, a total of 84 PSMA-avid lesions were identified: 
46 (55%) lesions in the soft tissue, 27 (32%) lesions in the 
lymph node, and 11 (13%) lesions in the bone.

Data acquisition

All 51 cases underwent [68Ga]Ga-PSMA-11 total-body 
PET/CT scan using a digital time-of-flight (TOF) PET/
CT scanner (uEXPLORER, United Imaging Healthcare). 
The scan was performed approximately 55 minutes after 
intravenous injection of [68Ga]Ga-PSMA-11 according to 
patient weight (1.98±0.18 MBq/kg). The routine clinical 
PET/CT protocol was applied with 5 minutes acquisition 
(total body), 600 mm transaxial field of view (FOV), 
192×192 matrix, and 2.886 mm slice thickness with TOF 
and point-spread-function model, and standard corrections 
such as decay, scatter, normalization, random, attenuation, 
and dead time applied. The images were reconstructed 
with OSEM (3 iterations, 20 subsets, and 3 mm Gaussian 
postprocessing filter) and TVREM (5 penalization factors: 
0.09, 0.18, 0.27, 0.36, and 0.45) respectively using 20-, 40-, 
60-, 120-, and 300-seconds duration for the first part of 
the original scanning data acquisition from list-mode. We 
named these 30 groups O20, O40, O60, O120, and O300 
for OSEM with simply 20-, 40-, 60-, 120-, and 300-second 
data; R20.09 to R20.45 for TVREM with 20 second 
acquisition and penalization factors of 0.09, 0.18, 0.27, 0.36, 
and 0.45, and the same rule applies to the naming of other 
groups (Table S1).

Quantitative evaluation of images

Image analysis was performed by an experienced nuclear 
medicine physician on the advantage workstation (uWS-MI 
R004, United Imaging Healthcare). To ensure consistency 
in the size and position of the drawing while drawing a 
volume of interest (VOI), the workstation was loaded with 
images that were reconstructed using various algorithms. The 
VOI on the liver was delineated by placing a 3 cm diameter 
sphere on the uniform tissue area in the right upper lobe, 
and the mean standard uptake value (SUVmean) and standard 
deviation (SD) were also measured for each patient. The 
image noise level was calculated by SD over SUVmean. 

The ROIs around lesions were drawn manually and 
divided according to their maximum standard uptake 
value (SUVmax) in O300 reconstruction (<15 vs. ≥15), and 
localization (bone, lymph nodes, and soft tissue). For each 
lesion, the SUVmax was calculated and normalized by the 
ratio of SUVmax for TVREM to that for O300. The TBR 
and CR ratio were calculated respectively to evaluate 
the image quality. To calculate TBR, lesion SUVmax was 
divided by SUVmean of the background (liver), and we 

Table 1 Patient characteristics

Characteristics Value

Age (years) 68.75±7.35 [50, 82]

Height (m) 1.70±0.05 [1.60, 1.83]

Weight (kg) 67.87±9.84 [51, 93]

Body mass index (kg/m2) 23.39±3.02 [16.28, 30.12]

Uptake time (min) 55±7 [45, 82]

Injected dose (MBq) 134.68±23.71 [87.34, 206.52]

Injected dose per kg (MBq/kg) 1.98±0.18 [1.59, 2.42]

Serum PSA (ng/mL) 29.48±35.99 [0.02, 172.09]

Treatment-naïve patients (n) 34

The values were presented as mean ± SD [range]. PSA, 
prostate-specific antigen; SD, standard deviation.
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also defined CR by comparing the TBR of the TVREM 
reconstruction (numerator) to the TBR of the reference 
O300 reconstruction (denominator), according to the 
formula below:

( )
( )

max _

max _ _ _

1

1

−
=

−
mean bkgnd

ref mean bkgnd ref

SUV SUV
CR

SUV SUV  [1]

In the formula, SUVmax is obtained from the lesion, 
SUVmean_bkgnd represents SUVmean from the liver background 
( ‘bkgnd’) ,  and ‘ref ’  indicates the reference O300 
reconstruction.

Qualitative evaluation of images

The reconstructed images were evaluated by 2 experienced 
nuclear radiologists independently on the advantage 
workstation (uWS-MI R004, United Imaging Healthcare) 
based on a 5-point scale. The scoring criteria are summarized 
in Table 2. The reviewers blindly rated the images and were 
unaware of the order and type of reconstruction methods. 
All images were anonymized, and the reading sequence was 
randomized to reduce the bias. We also calculated the SNR 
to verify our image-scoring results.

Statistical analysis

The SUV of O300 served as the reference for the 
comparison between different reconstruction groups. 
The nonparametric Friedman test was used to examine 
the difference in liver SUVmean, SD, and lesion SUVmax 
between O300 and the other groups. The image quality 
scores of different reconstruction groups were compared 
with the nonparametric Friedman test. Bonferroni-Holm 
correction was used to adjust the P-value, which controlled 
the familywise error rate imposed by multiple comparisons. 
The inter-rater agreement was measured by Cohen’s κ. 
Data analysis was carried out using commercial software 

(SPSS 23.0; IBM Corp., Armonk, NY, USA) and graphics 
generated by GraphPad Prism 8 software (GraphPad 
Software Inc., San Diego, CA, USA). A P value of <0.05 was 
considered statistically significant.

Phantom study

Phantom preparation
For quantitative analysis of [68Ga]Ga-PSMA-11 PET/CT 
images, a National Electrical Manufacturers Association 
(NEMA) image quality (IQ) phantom was used in this study 
(24,25). A total of 6 hot spheres with diameters of 10-, 13-, 
17-, 22-, 28-, and 37-mm were placed in the phantom, 
which were filled with a 4-fold background activity. 
According to the NEMA standard, the phantom was filled 
with 8.94 kBq/mL of background activity at the beginning 
of data acquisition. 

Phantom data acquisition
The phantom was placed horizontally on the bed to ensure 
that the 6 spheres in the total-body PET/CT were located 
at the center of Unit 3 (uEXPLORER, United Imaging 
Healthcare). A CT scan was obtained first for attenuation 
correction, followed by a 5-minute PET scan. PET raw data 
were collected in list mode. All images were reconstructed 
using a 192×192 matrix, a FOV of 600 mm, a 3 mm 
Gaussian filter, a slice thickness of 2.886 mm, TOF, and the 
point spread function (PSF). The OSEM (3 iterations with 
20 subsets) and TVREM (5 penalization factors: 0.09, 0.18, 
0.27, 0.36, and 0.45) were applied to list-mode data with 
durations of 20-, 40-, 60-, 120-, and 300-second, which 
were consistent with our clinical studies, and named in the 
same rules (Table S1).

Phantom data evaluation
As illustrated in Figure S1, different ROIs were placed in 
reconstructed PET images for quantitative comparison. 
A total of 6 spherical ROIs were placed on the 6 spheres, 
and 12 ROIs were drawn as the background reference. 
The NEMA NU-2 2018 standard was used to calculate 
the contrast recovery coefficients (CRC) and background 
variability (BV) (Appendix 1) (24).

Results

Quantitative analysis of images

The CRs for TVREM groups with smaller penalization 
factors were higher than those of OSEM and TVREM 

Table 2 Image grading

Categories Noise Lesion detectability

1 Poor Not available

2 Marked Poor

3 Routine clinical diagnosis 
available

Average

4 Clinical diagnosis irrelevant Good

5 Almost none Excellent

https://cdn.amegroups.cn/static/public/QIMS-22-1341-Supplementary.pdf
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groups with larger penalization factors (Figure 1). For the 
same duration of the list-mode data, the TVREM groups 
had higher CRs than OSEM except for R20.18 to R20.45, 
in which the image noise was decreased as the penalization 
factors increased (Figure 1). The image noise for the groups 
of R40.45, R60.36, R60.45, R120.27 to R120.45, and 
R300.09 to R300.45 was smaller than that of O300, yet only 
differences in Group R120.45 (P<0.001), R300.36 (P=0.011), 
and R300.45 (P<0.001) were statistically significant.

The image noise and the normalized SUVmax were 
decreased as the penalization factors increased (Figures 1,2A, 
and Table S2). At 40 seconds, the image noise of R40.09 
to R40.27 decreased significantly (all P<0.05), whereas the 
lesions SUVmax increased 15.24–19.05% compared to O40. 
The R60.09 to R60.45 groups all had significantly decreased 
image noise (all P<0.05) whereas the lesions SUVmax were 
increased by 18.27–22.72% compared to O60. The R120.18 
to R120.45 groups also had lower image noise (all P<0.05) 
and higher lesions SUVmax (increase of 26.73–27.72%) 
compared to O120. In contrast to O300, the image noise of 
R300.36 and R300.45 decreased significantly (all P<0.05) 
whereas the SUVmax of lesions increased by 26%. 

Compared to the O300 group, the image noise for the 
groups of R40.45, R60.36, R60.45, R120.27, R120.36, 
and R300.09 to R300.27 were lower with no statistically 
significant difference observed (all P>0.05), which were 
considered equivalent groups to O300. Moreover, the 

lesions SUVmax increased by 17% for R40.45, 24% for 
R60.36, 23% for R60.45, 28% for R120.27 and R120.36, 
27% for R300.09, and 26% for R300.27 compared to O300, 
respectively (Figure 2A and Table S2).

The TBR values for TVREM were significantly higher 
than O300 (all P<0.05), except for R120.45, R60.27 to 
R60.45, R40.27 to R40.45, and R20.18 to R20.45 (Figure 
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Figure 1 The plot of contrast recovery and image noise with 
different reconstruction settings. For each reconstruction time, 
both CR and image noise increased with smaller penalization 
factors of TVREM. The TVREM groups were considered to have 
better performance than the OSEM groups. CR, contrast recovery; 
TVREM, total variation regularized expectation maximization; 
OSEM, ordered subset expectation maximization.

Figure 2 The normalized SUVmax (A) variation, the TBRs (B), and 
lesions contrast recovery (C). The plots show the median along 
with the interquartile range, and the middle point represents the 
median. The asterisk indicates significantly higher data (P<0.05) 
compared to the reference O300. SUVmax, maximum standard 
uptake value; SUVmean, mean standard uptake value; TBR, tumor-
to-background ratios.
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2B). Besides, CR values were also significantly higher in 
TVREM compared to the O300 group (all P<0.05), except 
for R120.36 to R120.45, R60.27 to R60.45, R40.18 to 
R40.45, and R20.09 to R20.45 (Figure 2C).

The CR and TBR for higher [68Ga]Ga-PSMA-11 
avidity, for which lesion SUVmax was ≥15 in O300, were 
significantly higher than O300 in all TVREM groups (Figure 
3A,3B), whereas minor increases were observed for lesions 
with SUVmax <15 (Figure 3C,3D) due to the less significant 
variation in TVREM groups. 

Qualitative evaluation of the image quality 

The highest image quality score in terms of image noise, 
except for TVREM for 300 second groups, was assigned 
to R120.36 (5.00±0.00) for 120 second groups (Figure 4A), 
and the highest score of lesion detectability was assigned 
to R120.27, R120.36, and R120.45 (4.98±0.15) (Figure 4B). 
The image quality of the aforementioned reconstruction 

groups was considered equivalent to that of O300 (all 
P>0.05). To verify our image scoring results, we calculated 
the SNR and found that the highest SNR was in the 
R120.27 group, which increased by 41.46% compared to 
that of O120, and increased by 51.92% compared to that of 
O300 (Figures 5,6).

Phantom study

Figure S2A indicates that TVREM groups with smaller 
penalization factors achieved higher CRCs than OSEM 
and TVREM groups with larger penalization factors, 
and all TVREM groups outperformed OSEM under 
equivalent sphere diameter and acquisit ion t ime.  
Figure S2B shows that BVs decreased as penalization 
factors increased, and most TVREM groups had lower 
BVs than OSEM under equivalent sphere diameter 
and acquisition time. TVREM with acquisition times 
of 120 and 300 seconds had BVs comparable to O120 
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Figure 3 The TBR (A,C) and CR (B,D) variation of lesions categorized by SUVmax (SUVmax >15 in the first row, and SUVmax <15 in the 
second row). The plots show the median along with the interquartile range, and the middle point represents the median. The asterisk 
indicates significantly higher data (P<0.05) compared to the reference O300. TBR, tumor-to-background ratios; CR, contrast recovery; 
SUVmax, maximum standard uptake value.
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Figure 4 The image quality score of image noise (A) and lesion detectability (B) in the different reconstruction groups. The mean and 
SD (error bar) of the image quality scores were plotted for each reconstruction group. The highest mean score that both noise and lesion 
detectability was given to R120.36 and all TVREM for 120 and 300 sec groups, respectively. SD, standard deviation; TVREM, total 
variation regularized expectation maximization.

O20 R20.09 R20.18 R20.27 R20.36 R20.45

O40 R40.09 R40.18 R40.27 R40.36 R40.45

O60 R60.09 R60.18 R60.27 R60.36 R60.45

O120 R120.09 R120.18 R120.27 R120.36 R120.45

O300 R300.09 R300.18 R300.27 R300.36 R300.45

6.4 5.06 4.22 3.57 3.07 2.75

7.03 6.28 5.93 5.56 5.24 4.85

6.96 6.91 6.57 6.21 5.81 5.39

5.66 7.83 7.68 7.47 7.34 7.23

5.46 6.98 6.96 6.95 6.9 6.88

Figure 5 PET images of a 72-year-old patient with elevated PSA level (172.09 ng/mL). The images reveal a small lymph node near the iliac 
vessels with elevated PSMA uptake (SUVmax =5.46 in the O300 group). The lesion is well-defined in all TVREM groups. The image quality 
was considered suboptimal but acceptable for R120.09 to R120.18 due to the noise, adequate for R120.27 to R120.36, and good for R120.45. 
PET, positron emission tomography; PSA, prostate-specific antigen; PSMA, prostate-specific membrane antigen; TVREM, total variation 
regularized expectation maximization.

and O300, respectively, with differences ranging from 0 
to 0.4%, except for R300.09 with the 10 mm diameter 
sphere. Furthermore, most TVREM algorithm groups 
demonstrated higher BVs than the O300 group, except 

for the R120.09–R120.45 results for the 28 and 37 mm 
spheres in the TVREM algorithm group, which had 
similar BV performance to the O300 group (Figure S2B), 
with differences limited to 0–0.4%.
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Discussion

The study has shown that the TVREM reconstruction with 
proper penalization factor can significantly improve the 
image quality over the OSEM reconstruction algorithm in 
[68Ga]Ga-PSMA-11 total-body PET/CT. The TVREM 
120 second group with a penalization factor in the range of 
0.27 to 0.45 can achieve a 62–65% higher lesion contrast 
and 5–21% lower image noise compared to the OSEM 
300 second group while saving 60% acquisition time. 
Moreover, the penalization factor between 0.27 and 0.36 in 
the TVREM 120 second group provided the optimal image 
quality for [68Ga]Ga-PSMA-11 total-body PET with a 
comparable to or even lower noise level and higher contrast 
for lesions than in the OSEM 300 second group.

Several factors can affect the choice of the optimal 
penalization factor, including the setting of data collection, 
doctor preference, and adjustment of the reconstruction 
algorithm. Hence, in most cases, the optimal penalization 
factor is often provided as a range. TVREM has been 
shown in studies to maintain image quality in a relatively 
short acquisition time, with a penalty factor ranging from 
0.14 to 0.35 (16). Yang et al. demonstrated that, as compared 
to OSEM, the TVREM algorithm can improve the contrast 

of [68Ga]Ga-PSMA-11 lesion images, decrease image noise, 
and obtain images at a rate of 2 min/bed while maintaining 
image quality during short-axis PET/CT (26). Consistent 
with those studies, our findings demonstrated that when 
the total body was obtained simultaneously, a factor 
within 0.27–0.45 for the TVREM 120 second group could 
generate higher contrast and lower noise levels compared 
to the OSEM 300 second group (P<0.05). Moreover, the 
factor between 0.27 and 0.36 for TVREM had equivalent 
image noise to the OSEM 300 second group when the 
acquisition time was shortened to 120 seconds (P>0.05). 
Therefore, the choice of optimal penalization factors may 
be a critical variable accompanied by the criteria for optimal 
image quality and acquisition settings.

A higher SUVmax provides a more precise and accurate 
quantitative evaluation, which is desired in clinical imaging. 
Our results indicate that parameters calculated by TVREM 
could more efficiently detect PCa lesions with varying [68Ga]
Ga-PSMA-11 uptake. Numerous studies have showed that 
BPL algorithms could enhance the lesion quantification 
accuracy compared to OSEM due to their full iterative 
convergence without over-amplified noise; however, 
most of those studies were about [18F]F-FDG PET/CT 
(20,27,28). Our study further investigated the improvement 

O120 O300 R120.09 R120.27

Figure 6 Maximum intensity projection of a representative 72-year-old patient. Total-body PET images with OSEM 120 and 300 sec 
and TVREM 120 sec with a penalization factor 0.09 and 0.27. PET, positron emission tomography; OSEM, ordered subset expectation 
maximization; TVREM, total variation regularized expectation maximization.
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of image quality of TVREM compared to OSEM in [68Ga]
Ga-PSMA-11 total-body PET/CT. The TBR increased by 
24%, the CR increased by 62–65%, and the lesion SUVmax 
increased by 28% with a penalization factor between 0.27 
and 0.45 in the 120 second group compared to OSEM  
300 seconds, maintaining the lower image noise ranging 
from 5% to 21%. 

In a phantom study comparing the performance of the 
TVREM and OSEM algorithms, our findings demonstrated 
that the TVREM algorithm consistently outperformed the 
OSEM algorithm in terms of CRC. As the penalization 
factor β increases, there is a gradual decrease in CRC. This 
suggests that within the β range used in this study, the 
quantification results are stable, making TVREM more 
robust for clinical application. Additionally, the BV results 
showed that the TVREM algorithm provided higher 
uniformity in the reconstructed background compared 
to the OSEM algorithm under the same conditions. The 
uniformity of the background in images reconstructed with 
the 120-second TVREM algorithm is comparable to that of 
the 300-second OSEM algorithm, consistent with clinical 
results.

The 2 experienced nuclear radiologists evaluated all 
reconstruction images with sufficient confidence from 
2 main aspects, including noise and lesion detectability. 
The results showed the highest mean quality score that 
both noise and lesion detectability was given when the 
penalization factor was 0.36 for 120 second acquisition time 
and also contained all TVREM for 300 second groups. In 
addition, the image quality of that penalization factor was 
0.36 for the 120 second reconstruction group, which was 
considered equivalent to OSEM for the 300 second group, 
yet it was given a significantly higher image quality score 
than OSEM for 120 second group, which embodied the 
advantages of the TVREM algorithm in visual assessment 
of image reconstruction. However, the weighted kappa 
coefficient that evaluated the assessment consistency was 
equal to or lesser than 0.52 (Table S3) and indicated a 
modest inter-rater agreement, which implied lower stability 
than objective indicator results.

The fixed penalization factor is necessitated in clinical 
practice to maintain a consistent SUV as inconsistency 
in SUV ascribed to variation among scanners and PET 
imaging methods remains challenging in both clinical 
routine and research studies (29-31). Moreover, according 
to the results of our phantom experiment, the CRC of the 
TVREM algorithm was generally higher than that of the 
OSEM algorithm. Therefore, the reconstruction conditions 

such as the TVREM algorithm could more properly reflect 
tracer activity. To balance visual assessment and quantitative 
evaluation, our study suggested the optimal penalization 
factor of 0.27–0.36 in 120 second acquisition time, which 
may achieve the desirable SUV measurement and reflect the 
true tracer activity in tissues. 

The shortening of acquisition time helps to reduce 
the possible patient motion artifacts, improve hospital 
throughput,  and simplify the workflow for image 
reconstruction, transmission, and storage in clinical 
situations (32). A study on [18F]F-FDG PET revealed that 
the BPL algorithm has potential for shortening acquisition 
time (33,34). In line with this study, our results indicated 
that TVREM saved 60% acquisition time of [68Ga]Ga-
PSMA-11 total-body PET/CT without compromising 
image quality. In addition, the superiority of total-body 
PET/CT systems and the advantages of the BPL algorithm 
in noise reduction and lesion detection enhancement might 
also contribute to dose reduction (26,35,36). 

There were still several limitations to our study. First, the 
study population did not include biochemical recurrence 
patients with lower PSA levels; future research should be 
expanded to include such patients. Secondly, we did not 
explore whether the increased CR and TBR of the TVREM 
algorithm can contribute to the early detection of prostate 
tumors. Besides, our analysis was performed solely on 
[68Ga]Ga-PSMA-11 total-body PET/CT; more evaluations 
and validations are necessary to further verify our results. 
Furthermore, the application of total-body PET/CT 
with the TVREM algorithm in human research would 
contribute to the investigation of multiorgan diseases, or 
cancer and other systemic diseases. Hopefully, the total-
body PET/CT systems can become commercially available 
and economically reasonable, and even be supported in 
some basis of clinical care. 

Conclusions

The TVREM reconstruction algorithm can remarkably 
improve lesion contrast and reduce image noise compared 
to OSEM in [68Ga]Ga-PSMA-11 total-body PET/CT, 
hence enabling shorter acquisition time while maintaining a 
similar image quality.
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