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Abstract

Background: Block-sequential regularized expectation maximization (BSREM) is a fully
convergent iterative image reconstruction algorithm. We hypothesize that tracers with
different distribution patterns will result in different optimal settings for the BSREM
algorithm. The aim of this study was to evaluate the image quality with variations in the
applied B-value and acquisition time for three positron emission tomography (PET) tracers.
NEMA image quality phantom measurements and clinical whole-body digital time-of-flight
(TOF) PET/computed tomography (CT) examinations with ®Ga-DOTATOC (n = 13), '°F-
fluoride (n = 10), and "'C-acetate (n = 13) were included. Fach scan was reconstructed
using BSREM with B-values of 133, 267, 400, and 533, and ordered subsets expectation
maximization (OSEM; 3 iterations, 16 subsets, and 5-mm Gaussian post-processing filter).
Both reconstruction methods included TOF and point spread function (PSF) recovery.
Quantitative measures of noise, signal-to-noise ratio (SNR), and signal-to-background ratio
(SBR) were analysed for various acquisition times per bed position (bp).

Results: The highest -value resulted in the lowest level of noise, which in tumn resulted in
the highest SNR and lowest SBR. Noise levels equal to or lower than those of OSEM were
found with B~values equal to or higher than 400, 533, and 267 for ®Ga-DOTATOC, '8F-
fluoride, and ''C-acetate, respectively. The specified B-ranges resulted in increased SNR at a
minimum of 25% (P < 00001) and SBR at a maximum of 23% (P < 0.0001) as compared to
OSEM. At a reduced acquisition time by 25% for ®*Ga-DOTATOC and "®F-fluoride, and 67%
for "'C-acetate, BSREM with B-values equal to or higher than 533 resulted in noise equal to or
lower than that of OSEM at full acquisition duration (2 min/bp for ®*Ga-DOTATOC and '8F-
fluoride, 3 min/bp for ''C-acetate). The reduced acquisition time with 8 533 resulted in
increased SNR (16-26%, P < 0003) and SBR (6-18%, P < 00001 (P = 007 for ''C-acetate))
compared to the full acquisition OSEM.
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Conclusions: Within tracer-specific ranges of S-values, BSREM reconstruction resulted in
increased SNR and SBR with respect to conventional OSEM reconstruction. Similar SNR, SBR,
and noise levels could be attained with BSREM at relatively shorter acquisition times or,
alternatively, lower administered dosages, compared to those attained with OSEM.

Keywords: PET/CT, Regularized image reconstruction, Penalization factor, Block-sequential
regularized expectation maximization, BSREM

Background

PET images are usually reconstructed by the clinical standard-of-care method ordered
subsets expectation maximization (OSEM). A known shortcoming of maximum likeli-
hood reconstruction, methods like OSEM, is excessive noise in the images if too many
iterations are performed, and insufficient convergence associated with underestimated
radioactivity concentrations especially in small lesions and those that are obscured by
larger areas of uptake when too few iterations are performed. Regularization is com-
monly achieved by terminating the iterative process prior to convergence, but the re-
cently developed regularizing technique instead utilizes a penalty function that
prohibits excessive noise. The block-sequential regularized expectation maximization
(BSREM) algorithm (Q.Clear; GE Healthcare) incorporates a relative difference penalty
that balances the properties of a quadratic and non-quadratic penalty, i.e. spatial
smoothness and preservation of edges [1-4]. The algorithm allows every single image
voxel to achieve full convergence [3, 5]. Hence, in contrast to OSEM, BSREM offers
only one controlling reconstruction parameter that is available to its users, a global
regularization parameter denoted 3 [4].

In a previous study evaluating *F-FDG on the same digital time-of-flight (TOF)
PET/CT scanner, BSREM was found to provide higher maximum standardized uptake
value (SUVyay values and improved signal-to-noise ratio (SNR) and signal-to-
background ratio (SBR) compared to OSEM at matched levels of noise [6]. The clinical
benefit of the algorithm for "*F-FDG PET using other PET/CT scanner models has pre-
viously been reported [8—12]. Also, penalized reconstruction of “°Y-PET data acquired
on a conventional Discovery 710 PET/CT scanner resulted in a higher contrast-to-
noise ratio than OSEM and penalized reconstruction images received higher scores by
the radiologists [8]. Additionally, an '®*F-fluoride PET/CT study, performed on a Dis-
covery 690 scanner, showed that image acquisition of 1 min/bp and BSREM resulted in
similar quality as 3 min/bp images reconstructed with standard methods [9].

In the present study, we investigated the behaviour of BSREM in relation to OSEM
regarding image quality in terms of noise, SNR, and SBR, with three non-'*F-FDG PET
tracers regularly used in the clinical practice; gallium-68-DOTA-D-Phe'-Tyr*-octreo-
tide (®®Ga-DOTATOC), carbon-11-acetate ('C-acetate), and ®F-fluoride. ®®Ga-DOTA-
TOC is a radiolabelled somatostatin analogue used for imaging of neuroendocrine
tumours [13-15]. ''C-acetate, similarly to ''C- and 18F_choline, can be used for im-
aging of the cell membrane lipid metabolism that is typically increased in prostate can-
cer cells [16—20], and "®F-fluoride is used for bone imaging, especially for the detection
and monitoring of bone metastases in prostate cancer [21, 22]. These three tracers were
chosen for evaluation because they are used in the clinical routine and exhibit
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characteristic uptake patterns that are clearly different from the typical FDG distribu-
tion, ranging from very specific uptake in bone lesions combined with very low uptake
in soft tissues for '*F-fluoride, high lesion uptake accompanied by high uptake in
healthy organs such as liver and kidney but virtually no signal elsewhere for **Ga-
DOTATOC, to a more or less homogeneous distribution pattern for 'C-acetate. We
hypothesized that these varying tracer distribution patterns will require different set-
tings for the BSREM algorithm to achieve optimum image quality in terms of noise,
SNR, and SBR. The purpose of the study was to evaluate the image quality with varia-
tions in the applied S-value and acquisition time.

Materials and methods

All patient data analyses were performed on anonymized PET/CT data collected from
existing records and the reconstructed images were not used for clinical image reading.
The study was approved by the regional Ethical Review Authority (Dnr, 2019-00092).

Imaging protocol

A National Electrical Manufacturers Association (NEMA) image quality phantom ex-
periment with ®*Ga was performed and compared to the results from a previous study
with '®F acquired using similar settings [6, 7]. The phantom background region and
spheres were filled with activity concentrations of, respectively, 5.05 kBq/ml and 21.78
kBq/ml of ®®Ga, and 2.69 kBq/ml and 10.77 kBq/ml of '®F, yielding a 4.3:1 and 4.0:1
sphere-to-background concentration ratio. The phantom was scanned until 100 million
prompt counts were acquired on both occasions.

Clinical whole-body PET/CT examinations with %8Ga-DOTATOC (1 = 13), *®¥F-fluor-
ide (n = 10), and ''C-acetate (1 = 13) were analysed. The %8Ga-DOTATOC cohort in-
cluded patients with small intestinal neuroendocrine tumours (NET), lung-NET, rectal-
NET, gastric-NET, pancreatic-NET, carcinoma of unknown primary, and medullary
thyroid cancer diagnosis. The '®F-fluoride and ''C-acetate cohorts both included pa-
tients with prostate cancer and verified bone metastases, and relapse after primary
treatment such as radical prostatectomy or radiation therapy. All examinations were ac-
quired in 3-dimensional mode using a digital TOF Discovery MI PET/CT (GE Health-
care) with a 4-ring setup, providing axial and transaxial FOV of 20 and 70cm,
respectively. Further scanner specifications include lutetium yttrium oxyorthosilicate
detectors coupled to silicon photomultipliers, a timing resolution of circa 370 ps, a sen-
sitivity of 14 cps/kBq, and an intrinsic spatial resolution of approximately 4.0 mm at
the centre of the FOV [23]. The PET/CT examinations were performed with an acqui-
sition time of 3 min/bp (*'C-acetate) or 2 min/bp (**Ga-DOTATOC, '*F-fluoride) from
the mid-thigh to the base of the skull.

Images were reconstructed by using OSEM with 3 iterations, 16 subsets, and a 5-mm
Gaussian post-processing filter, and BSREM with S-values of 133, 267, 400, and 533.
TOF and point spread function (PSF) were applied with both reconstruction methods.
A matrix size of 256 x 256 was used, resulting in a voxel size of 2.73 x 2.73 x 2.79
mm?. Furthermore, list-mode files were re-binned by using the first 2 and 1 min/bp
(*'C-acetate) or 1.5 and 1 min/bp (°®Ga-DOTATOC, F-fluoride) of the acquired data
and reconstructed using the abovementioned settings.
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Image analysis

NEMA image quality phantom results were analysed using in-house-developed software
in Matlab (MathWorks) as previously described [6, 7]. Background variability and con-
trast recovery were calculated according to the NEMA standards protocol [7].

Analyses of clinical data were performed on an Advantage Workstation (Volume
Viewer 4.7 ext. 8; GE Healthcare) with the PET/CT Review software. Lesion metrics
were derived using a 3-dimensional segmentation at 41% of the maximum voxel value
and reference values were obtained from a spherical volume of interest (approximately
3 c¢m in diameter) placed in the right lobe of the liver with visually confirmed uniform
uptake. The lesion delineations were performed in the OSEM reconstruction of each
examination and thereafter the location of the maximum voxel value was transferred to
the respective BSREM reconstructions, where new volumes of interest were redefined
at a 41% threshold. The total number of lesions included in the analysis was 38 with
®8Ga-DOTATOC, 33 with '®F-fluoride, and 36 with ''C-acetate. Level of noise was
measured in the liver tissue and calculated as standard deviation (SD) divided by the
mean standardized uptake value (SUV c.,) of the liver reference sphere (Eq. 1). SNR
was defined as the lesion SUV,,,, to noise level ratio and SBR as lesion SUV . to liver
reference SUV eqn ratio (Egs. 2 and 3). The optimal f-value was defined as the value
that yielded noise equivalent to that of OSEM.

SDreference
Noise = ——————— 1
7% SUV meanmgne !
SUV max
SNR = ——— :
Noise ?
SUV max
SBR=———— ’
SUVmeanmfcrcncc

Statistical analysis

Values are presented as mean + SD. A paired non-parametric two-tailed ¢ test (Wilcox-
on’s signed rank test) was used when comparing BSREM to OSEM with considered
statistical significance for P values less than 0.05. Spearman rank correlation () was
used to determine the degree of association between relative difference in SUV and le-

sion volume.

Results

NEMA image quality phantom

NEMA phantom results are displayed in Fig. 1. Background variability was similar for
'8F and ®®Ga for all reconstruction methods and sphere sizes. The background variabil-
ity increased with decreasing 5-value. In contrast recovery, there was a consistent dif-
ference between '*F and ®®Ga for all reconstruction methods and sphere sizes with a

slightly lower contrast recovery for ®*Ga than '°F.

®3Ga-DOTATOC
An example of a ®®Ga-DOTATOC PET scan is shown in Fig. 2, illustrating the effect of
different reconstruction methods. The injected activity was 2.3 + 0.4 MBqkg ™" (range,
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Fig. 1 Background variability % (a) and contrast recovery % (b) of NEMA image quality phantom
measurements with '®F (black) and %®Ga (red). The five graphs in each column display the results of
separate reconstruction methods; OSEM (3 iterations, 16 subsets, 5-mm Gaussian post-processing filter) and
BSREM with B-values of 133, 267, 400, and 533. Both reconstruction methods included TOF and
PSF recovery
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Fig. 2 Transversal ®Ga-DOTATOC PET images of a patient with small intestinal neuroendocrine metastases.
Images were acquired 72 min post-injection and reconstructed with 2 min/bp using OSEM (3 iterations, 16
subsets, 5-mm Gaussian post-processing filter) and BSREM with B-values of 133, 267, 400, and 533. Both
reconstruction methods included TOF and PSF recovery. The administered activity was 1.8 MBgkg ™. The
SUVimax Of the lesion (arrow) is shown for the respective reconstruction

1.8-2.8 MBqkg ™) of ®*Ga-DOTATOC and the uptake time before examination was 62
+ 4 min (range, 59-72 min). The mean liver reference volume was 18.5 + 0.8 mL (range,
16.8-19.6 mL) and the SUV, e, 6.2 + 1.5 (range 3.0-8.0) with OSEM (Table 1). The
mean lesion volume was 7.6 + 152mL (range, 0.5-95.2mL). Noise equivalence to
OSEM was found with 5 400 (- 1%, P > 0.99) with a resulting significant increase of
SUVmax, SNR, and SBR by 23%, 25%, and 23%, respectively (P < 0.0001) (Figs. 3a and
4a, d, g). There was a negative correlation between relative difference in SUV,,,, and le-
sion volume when comparing BSREM with OSEM (r = - 0.6 measured over the entire
cohort). The difference was greater in small lesion sizes, and for volumes larger than
approximately 3 mL the relative difference in SUV . did not change with volume
(using S 400, r = — 0.8, - 0.1, respectively) (Fig. 5a).

The noise level increased with a shorter acquisition; with BSREM f 400 and 1.5 min/bp,
the noise was 12% (P = 0.002) higher than that of OSEM at full acquisition (2 min/bp).
However, using 8 533 (1.5 min/bp) reduced the noise below that of OSEM (2 min/bp) (-
4%, P = 0.1) while SUV .., SNR, and SBR increased by 20%, 26%, and 18%, respectively
(P < 0.0001) (Fig. 4a, d, g). At a 50% reduction in scan duration, 5 400 (1 min/bp) resulted
in similar SNR as compared to OSEM at full acquisition (2 min/bp) (3%, P = 0.5), while
maintaining a higher level of SBR (Table 2, Fig. 4d, g). It should be noted that any chosen
S-value in this study led to a higher SBR than OSEM irrespective of scan duration.

'®F-fluoride

As shown by the '®F-fluoride PET example in Fig. 6, the different reconstruction
methods resulted in merely minor visual variations. The injected activity of **F-fluoride
was 3.0 + 0.1 MBgkg ™" (range, 2.9-3.2 MBqkg ") and the uptake time was 64 + 3 min
(range, 59-70 min). The mean liver reference volume was 18.5 + 1.1 mL (range, 16.5—
19.6 mL) and SUV eq, 0.4 £ 0.1 (range, 0.3-0.7) using OSEM (Table 1). The mean le-
sion volume was 4.3 + 5.3 mL (range, 0.6-28.9 mL) with SUV ,,, 40.4 + 24.5 (range,
13.7-108.4). A noise level equivalent to OSEM was found to lie between 5 400 and /5
533, with a scan duration of 2 min/bp for both reconstruction methods. 5 400 resulted
in a significantly increased level of noise whereas 8 533 resulted in significantly lower
noise than OSEM (12%, P = 0.0002 and - 10%, P = 0.0039, respectively). Both -values
resulting in an increased SUV .., SNR, and SBR by 11-30% (P < 0.002) as compared
to OSEM (Figs. 3b and 4b, e, h). A negative correlation (r = - 0.6) was found between
relative percentage difference in SUV .« (comparing BSREM with OSEM) and lesion
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Table 1 Quantitative measures of reference sphere in normal liver tissue for %8Ga-DOTATOC, '8F-
fluoride, and ''C-acetate

Measure OSEM BSREM
B 133 B 267 B 400 B 533

%8Ga-DOTATOC

Volume mL 18.5 (16.8-19.6)

SUVimax 87 (5.1-114) 135 (9.6-20.1) 99 (62-13.8) 88 (5.1-12.0) 83 (45-115)

SUVimean 6.2 (30-80) 6.2 (3.0-8.1) 6.2 (3.0-8.1) 6.2 (30-8.1) 6.2 (3.0-8.1)

P >07 >08 >09 >09

SUVsp 0.8 (04-1.1) 1.5 (0.8-2.0) 10 (05-14) 0.8 (04-1.1) 07 (03-1.0)

Noise' 0.13(007-021) 025 (0.14-044)  0.16 (009-027) 0.3 (0.08-021)  0.12 (0.07-0.18)
®E_Fluoride

Volume mL 18.5 (16.5-19.6)

SUVimax 1.0 (06-13) 30 (14-6.7) 1.7 (0.8-36) 1.1 (06-1.5) 09 (0.5-1.3)

SUVimean 04 (03-0.7) 04 (03-07) 04 (03-07) 04 (03-0.7) 04 (03-0.7)

P >0.7 >03 >02 >03

SUVsp 0.1 (0.1-02) 03 (02-05) 0.2 (0.1-03) 0.1 (0.1-02) 0.1 (0.1-02)

Noise' 030 (022-040) 032 (0.22-049) 031 (0.16-049) 033 (0.23-049) 030 (0.16-0.49)
VC-Acetate

Volume mL 18.7 (18.0-19.6)

SUVimax 57 (25-11.2) 63 (26-113) 56 (23-10.7) 53 (22-105) 52(22-103)

SUVimean 43(18-82) 43(18-81) 43(1.8-81) 43(1.8-81) 43(18-8.1)

P >05 >0.1 >0.1 > 005

SUVsp 04 (02-1.0) 05 (03-1.1) 04 (02-09) 03 (02-08) 03 (0.1-08)

Noise' 0.10 (007-0.14) 013 (0.09-0.16) 009 (007-0.12)  0.08 (0.05-0.11)  0.07 (0.05-0.11)

tNoise was defined as SUVsp divided by SUV hean
“P: Wilcoxon's signed rank test, for BSREM to OSEM on SUVimean
BSREM block-sequential regularized expectation maximization, OSEM ordered subsets expectation maximization, SUV
standardized uptake value, SD standard deviation
Reconstruction methods were OSEM (3 iterations, 16 subsets, 5-mm Gaussian post-processing filter) and BSREM with S-
values of 133, 267, 400, and 533, and 2 min/bp. Both reconstruction methods include TOF and PSF recovery. Values

represent mean (range)
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8F_Fluoride

"C-Acetate

Noise %
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Fig. 3 Noise measured in normal liver tissue for ®*Ga-DOTATOC (a), '®F-fluoride (b), and ''C-acetate (c),

respectively, using BSREM and OSEM (3 iterations, 16 subsets, 5-mm Gaussian post-processing filter). Both
reconstruction methods included TOF and PSF recovery
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Fig. 4 Mean noise in normal liver tissue plotted against S-value (a—c), mean SNR against B-value (d-f), and
mean SBR against B-value (g-i) for ®*Ga-DOTATOC, "®F-fluoride, and ''C-acetate, respectively, using BSREM
and OSEM (3 iterations, 16 subsets, 5-mm Gaussian post-processing filter) for three various image

acquisition times per bed position (solid, dashed, and dotted lines). Both reconstruction methods included
TOF and PSF recovery. All data were normalized to those obtained by OSEM at full image acquisition time

volume when including the entire cohort. The difference was greater in small lesion sizes
with a mean increase of SUV,,,,x by 27% for sizes less than 3 mL and 18% for sizes larger
than 3 mL with BSREM J 400 versus OSEM (r = — 0.6, — 0.7, respectively) (Fig. 5b).

Reducing image acquisition time by 25% (30sec) to 1.5 min/bp resulted in a 3%
(P = 0.9) increase of noise using 533 compared to OSEM at full acquisition dur-
ation (2 min/bp). Despite the shorter acquisition time, SUV ., SNR, and SBR still
improved by 17%, 16%, and 13%, respectively (P < 0.002), compared to OSEM at
full acquisition duration (Fig. 4b, e, h). Reducing the S-value from 533 to 400 (1.5
min/bp) resulted in similar SNR as compared to OSEM at full acquisition (2 min/
bp) (- 4%, P = 0.2), with a sustained higher level of SBR (Fig. 4e, h). With the lim-
ited range of B-values tested in this study, it was no longer possible to reach a
noise level or SNR similar to OSEM (2 min/bp) when the acquisition time was fur-
ther shortened by another 25% using BSREM (1 min/bp). The S-values that re-
sulted in noise or SNR equivalence to OSEM at different scan durations are
summarized in Table 2. Any chosen ff-value in this study resulted in a higher SBR
than OSEM irrespective of scan duration.
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Fig. 5 Plots showing the relative increase of SUV .y in lesions for BSREM with B-values of 133, 267, 400,
and 533 compared with OSEM (3 iterations, 16 subsets, 5-mm Gaussian post-processing filter) over lesion
volume, for ®8Ga-DOTATOC (a), '®F-fluoride (b), and '"C-acetate (c). Both reconstruction methods included
TOF and PSF recovery. Dashed lines indicate the linear regression of the respective cohort (for all -values)

"'C-acetate

BSREM clearly improved the image contrast and sharpness in the ''C-acetate PET im-
ages as compared with OSEM (Fig. 7). The injected activity was 4.8 + 0.3 MBqkg™’
(range, 4.2-5.4 MBgkg™") of ''C-acetate and the uptake time was 11 + 1 min (range,
10-13 min). The mean liver reference volume was 18.7 + 0.6 mL (range, 18.0-19.6 mL)
and the SUV ¢, was 4.4 + 1.8 (range, 1.8-8.2) measured in OSEM images (Table 1).
Mean lesion volume was 4.4 + 4.7 mL (range, 0.7-22.7 mL) with mean SUV,,, 7.7 +
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Table 2 Summary of BSREM S-values that resulted in similar image quality measure, either noise or
SNR, as full scan duration OSEM

Image Scan BSREM B-value
quality duration %8Ga-DOTATOC 8F fluoride "C-acetate
parameter (% of
OSEM
full scan
duration)
Noise” 100% 400 533 267
Noise 50% >533 >533 400
SNR 100% 200 300 <133
SNR 50% 400 >533 133

“Noise was defined as SUVsp divided by SUVean

BSREM block-sequential regularized expectation maximization, OSEM ordered subsets expectation maximization, SNR
signal-to-noise ratio

2.1 (range, 4.0-12.2). Noise levels closest to those of OSEM were found with 5 267 (-
6%, P = 0.02) with a resulting significant increase of SUV ,.x, SNR, and SBR by 23%,
32% and 23%, respectively (P < 0.0001) (Figs. 3c and 4c, f, i). There was a slight negative
correlation (r = — 0.4) measured over the entire cohort between relative percentage dif-
ference in SUV .« and lesion volume comparing BSREM with OSEM. The increase of
SUV .y using B 267 was 28% for lesions of sizes less than 3 mL and 17% for lesions lar-
ger than 3 mL (r = — 0.3, - 0.5, respectively) (Fig. 5c).

At a reduced acquisition time, BSREM S 267 (2 min/bp) remained closest to OSEM
(3 min/bp) in terms of noise (6%, P = 0.3), with an increase of SUV .., SNR, and SBR
by 25%, 22%, and 19%, respectively (P < 0.0001) (Fig. 4c, f, i). Using 1 min/bp resulted
in B 533 being noise equivalent (- 1%, P = 0.9) to OSEM (3 min/bp) with a resulting in-
crease of SUV .., SNR, and SBR by 12%, 19%, and 6%, respectively (P < 0.003 except
for SBR P = 0.07). At a 67% reduction in scan duration, an estimated 5 200 (1 min/bp)
resulted in similar SNR as compared to OSEM at full acquisition (3 min/bp) (Fig. 4f).
Also, the estimated 5 200 (1 min/bp) resulted in a sustained higher SBR as compared to
OSEM (3 min/bp) (Fig. 4i).

8F_Fluoride
OSEM B 133 B 267 B 400 B 533
) ) ) . ) )
‘ - v =~ v, 8-~ ’ e ’ s
: 4 7 7 E
- o \ L v .. ” oy . .. ¢
61.8 90.6 77.9 71.3 67.3
Fig. 6 Maximum intensity projection whole-body '®F-fluoride PET images of a patient with prostate cancer
bone metastases. Images were acquired 61 min post-injection and reconstructed with 2 min/bp using
OSEM (3 iterations, 16 subsets, 5-mm Gaussian post-processing filter) and BSREM with -values of 133, 267,
400, and 533. Both reconstruction methods included TOF and PSF recovery. The administered activity was
3.0 MBgkg™". The SUV,nay Of the lesion (arrow) is shown for the respective reconstruction
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c-Acetate

OSEM B 133 p 267 3 400 533
1 o » 1\ Py A\ \ \

Fig. 7 Coronal whole-body ''C-acetate PET images of a patient with soft tissue prostate cancer metastases.
Images were acquired 11 min post-injection and reconstructed with 3 min/bed using OSEM (3 iterations, 16
subsets, 5-mm Gaussian post-processing filter) and BSREM with B-values of 133, 267, 400, and 533. Both
reconstruction methods included TOF and PSF recovery. The administered activity was 4.2 MBgkg ™. The
SUVnax Of the lesion (arrow) is shown for the respective reconstruction.

Discussion

The objective of this study was to evaluate the relationship between BSREM and OSEM
reconstruction regarding image quality with variations in the applied 5-value and acqui-
sition time, as well as investigate a potential tracer dependency of the respective S-
values. Image quality was measured in terms of noise in liver tissue, SNR, and SBR.
The results showed that the BSREM reconstruction algorithm allows for shorter acqui-
sition time and/or less injected activity, as compared with OSEM, to achieve similar
image quality. Prior research has demonstrated comparable results for **F-FDG PET
image reconstruction [24—28]. For referencing, a comparison with '*E-FDG is shown in
Supplemental Figs. S1-3 using data from a previous study applying the same method-
ology [6].

The p-value for reaching noise equivalence to OSEM was found to be tracer
dependent. The count statistics and uptake pattern vary between the tracers tested in
this study and are likely the main reasons for the different optimal regularization pa-
rameters. Low-contrast tracers, like ''C-acetate, seem to require a lower -value than
sharp contrast tracers, like 8E_fluoride, to reach a noise level equivalent to that of
OSEM. The soft tissue background uptake was low in the 18E_fluoride images (SUV ean
range, 0.3-0.7), while the lesions had a substantially higher uptake; hence, the visual ef-
fect of the BSREM reconstruction was not as prominent as for the two other tracers
assessed in the study. The quantitative measures were, however, significantly different
to those obtained using OSEM. PET with ''C-acetate resulted in rather homogeneous
uptake with a low image contrast as a consequence, allowing for a lower applied /-
value without compromising the image quality in terms of increased noise, whereas
%8Ga-DOTATOC resulted in a similar relation between quantitative measures based on
OSEM and BSREM as for '®F-FDG (Supplemental Figure S1). Apart from the count
statistics and uptake pattern variation between the tracers likely being the main reasons
for the different optimal regularization parameters, the positron kinetic energy is an-
other contributing factor. The positron range in tissue adds to the partial volume effect
that will limit the image spatial resolution, and consequently the overall image quality,
thus the positron range may also influence the optimal S-value. In the present study,
comparison between '®F and ®*Ga results obtained from NEMA image quality phantom
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testing showed similar background variability but slightly lower contrast recovery for
%8Ga than °F [6]. Although some of the difference between the recovery for 18F and
®Ga may be due to experimental uncertainty, it is likely that the lower image reso-
lution of ®®Ga, due to its higher positron range, is the main cause of the difference.
However, the results clearly show that the choice of S-value does not affect differences
between °*Ga and '®F since the differences are consistent across S-values.

Supported by studies previously addressing BSREM image reconstruction for '*F-FDG
and ®8Ga-PSMA, it should be mentioned that a numerical equivalence in noise between
the two different types of algorithms does not entail similar visual appearance nor detect-
ability [6, 29]. The sample size was sufficient in order to demonstrate the differences be-
tween the two assessed reconstruction techniques and varying reconstruction and
acquisition parameters. Another limiting factor was the short range and low number of
tested S-values. Including higher 5-values in the analysis would probably have allowed for
reaching a noise level similar to that of OSEM with 2 min/bp using BSREM with 1 min/bp
for ®®Ga-DOTATOC and '®F-fluoride. However, BSREM reconstruction allowed for
shorter acquisition than OSEM to reach similar noise levels for all tracers.

A note regarding the S-values should also be made. Our study uses a pilot version of
the Q.Clear software, with the only difference to the commercially released software be-
ing the definition of -values. Therefore, without affecting the results of our study, the
evaluated S-values (originally set to 200-800 in steps of 200) were rescaled into 133—
533 in steps of 133 to match the commercial version and to ensure reproducibility (i.e.
Boitot = 1.5 X Beommercial)-

We chose to compare the BSREM results to OSEM with 3 iterations 16 subsets, a 5-
mm Gaussian post-processing filter, and PSF modelling, without further optimizing the
OSEM algorithm. A narrower filter and a larger number of iterations would have in-
creased the signal and simultaneously increased the level of noise. A previous study on
"8E_-FDG showed that a similar SNR and SBR was reached at higher noise levels for
OSEM than for BSREM irrespective of filter width and number of iterations [6]. The
OSEM algorithm is well established in the clinical routine and has previously been opti-
mized and we therefore chose to apply the settings recommended by the manufacturer
as our reference. Moreover, the BSREM algorithm incorporates PSF recovery, and con-
sequently we chose to apply PSF also with OSEM to narrow down the number of vari-
ables, since the PSF models are the same in the two algorithms.

The use of BSREM reconstruction leads to an increased SUV,,,x and will potentially
facilitate lesion detection but may also lead to false-positive results in the image read-
ing, which needs to be assessed in comparative trials for the various PET tracers in
clinical use. Also, for lesions that are assessed by applying uptake thresholds, such as in
therapy monitoring of Hodgkin’s lymphoma by FDG PET whereby the lesion uptake is
compared to that of the mediastinal blood pool and the normal liver tissue, the effect
of BSREM on the result of the evaluation needs to be investigated. The same holds true
for characterization of solitary lung nodules, which includes comparison of its FDG-
uptake to that of the mediastinal blood pool.

Conclusion
BSREM reconstruction of whole-body PET/CT examinations resulted in a tracer-
dependent increase in tumour SUV ,,, as well as improved SNR and SBR with respect
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to conventional OSEM reconstruction, at equal acquisition times. Similar SNR, SBR,
and noise levels could be attained with BSREM at relatively shorter acquisition times
for matched administered dosages compared to OSEM. Alternatively, similar SNR,
SBR, and noise levels could be attained with BSREM at lower administered dosages for
matched acquisition times compared to OSEM. The findings of the present study
thereby suggested a potential clinical benefit of BSREM over OSEM when applied for
%8Ga-DOTATOC, !C-acetate, and **F-fluoride imaging.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.1186/540658-020-00310-1.

Additional file 1: Supplemental Figure S1. Correlation between **Ga-DOTATOC and '®F-FDG of noise in
normal liver tissue (A), signal-to-noise ratio (B) and signal-to-background ratio (C) using BSREM reconstruction with
B-values of 133, 267, 400 and 533. The data were normalized to those obtained by TOF OSEM (3 iterations, 16 sub-
sets and 5-mm gaussian post-processing filter). Supplemental Figure S2. Correlation between 'F-fluoride and
'8E_FDG of noise in normal liver tissue (A), signal-to-noise ratio (B) and signal-to-background ratio (C) using BSREM
reconstruction with B-values of 133, 267, 400 and 533. The data were normalized to those obtained by TOF OSEM
(3 iterations, 16 subsets and 5-mm gaussian post-processing filter). Supplemental Figure S3. Correlation between
VC-acetate and "8F-FDG of noise in normal liver tissue (A), signal-to-noise ratio (B) and signal-to-background ratio
(C) using BSREM reconstruction with (3-values of 133, 267, 400 and 533. The data were normalized to those ob-
tained by TOF OSEM (3 iterations, 16 subsets and 5-mm gaussian post-processing filter).

Abbreviations

bp: Bed position; BSREM: Block-sequential regularized expectation maximization; CT: Computer tomography; FOV: Field
of view; NEMA: National Electrical Manufacturers Association; OSEM: Ordered subsets expectation maximization;

PET: Positron emission tomography; PSF: Point spread function; SBR: Signal-to-background ratio; SD: Standard
deviation; SNR: Signal-to-noise ratio; SUV: Standardized uptake value; TOF: Time-of-flight

Acknowledgements

We thank the staff at Uppsala PET Centre performing the image examinations and Ezgi llan, hospital physicist at
Uppsala University Hospital, for performing the NEMA image quality phantom experiments. We also thank Dr. Steve
Ross, Dr. Charles Sterns, and Tarik Cengiz from GE Healthcare for their assistance and valuable insights.

Authors’ contributions
All authors contributed to the design of the study. EL and LL performed data collection and analysis. All authors
discussed the results and revised the manuscript, as well as read and approved the final manuscript.

Funding
This study was partly financed by a research grant from GE Healthcare and the Swedish government under the ALF
agreement. Open access funding provided by Uppsala University.

Availability of data and materials
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.

Ethics approval and consent to participate
The study was approved by the Ethical Review Authority in Uppsala (Dnr, 2019-00092). Consent to participate was
waived.

Consent for publication
Not applicable.

Competing interests
Collaborative research between Uppsala University Hospital and GE Healthcare partly financed this study (P.l. ML),
covering the salary of EL. No other potential conflicts of interest relevant to this article exist.

Author details

'Radiology & Nuclear Medicine, Department of Surgical Sciences, Uppsala University, SE-751 85 Uppsala, Sweden.
°Medical Physics, Uppsala University Hospital, SE-751 85 Uppsala, Sweden. *PET Centre, Uppsala University Hospital,
SE-751 85 Uppsala, Sweden.


https://doi.org/10.1186/s40658-020-00310-1

Lindstrom et al. EJINMMI Physics (2020) 7:40

Received: 6 September 2019 Accepted: 1 June 2020
Published online: 15 June 2020

References

1.

20.

21.

22.

23.

24.

25.

26.

27.

28

29.

Nuyts J, Bequé D, Dupont P, Mortelmans L. A concave prior penalizing relative differences for maximum-a-posteriori
reconstruction in emission tomography. IEEE Trans Nucl Sci. 2002;49:56-60.

Nuyts J, Fessler JA. A penalized-likelihood image reconstruction method for emission tomography, compared to
postsmoothed maximum-likelihood with matched spatial resolution. IEEE Trans Med Imaging. 2003;22:1042-52.

De Pierro AR, Yamagishi MEB. Fast EM-like methods for maximum ‘a posteriori’ estimates in emission tomography. IEEE
Trans Med Imaging. 2001,20:280-8.

Ross S. Q.Clear white paper. Chicago, IL; GE Healthcare; 2013. Accessed Oct. 19, 2017.

Ahn S, Fessler JA. Globally convergent image reconstruction for emission tomography using relaxed ordered subsets
algorithm. IEEE Trans Med Imaging. 2003;22:613-26.

Lindstrom E, Sundin A, Trampal C, Lindsjo L, llan E, Danfors T, et. al. Evaluation of penalized-likelihood estimation reconstruction on a
digital time-of-flight PET/CT scanner for 18F-FDG whole-body examinations. J Nucl Med. 2018,59:1152-1158.

National Electrical Manufacturers Association. Performance measurement of positron emission tomographs. Rosslyn, VA:
National Electrical Manufacturers Association; 2012. NEMA standards publication NU 2-2012.

Rowley LM, Bradley KM, Boardman P, Hallam A, McGowan DR. Optimization of image reconstruction for 90Y selective
internal radiotherapy on a lutetium yttrium orthosilicate PET/CT system using a bayesian penalized likelihood
reconstruction algorithm. J Nucl Med. 2017,58:658-64.

De Bernardi E, Magnani P, Gianolli L, Gilardi MC, Bettinardi V. Regularized ML reconstruction for time/dose reduction in
18F-fluoride PET/CT studies. Phys Med Biol. 2014;60:67-80.

Ahn S, Ross S, Asma E, Miao J, Jin X, Cheng L, et al. Quantitative comparison of OSEM and penalized likelihood image
reconstruction using relative difference penalties for clinical PET. Phys Med Biol. 2015,60:5733-51.

Reynés-Llompart G, Gdmes-Cenzano C, Vercher-Conejero JL, Sabaté-Llobera A, Calvo-Malvar N, Marti-Climent JM.
Phantom, clinical and texture indices evaluation and optimization of a penalized-likelihood image reconstruction
method (QClear) on a BGO PET/CT scanner. Med Phys. 201845:3214-22.

Vallot D, Caselles O, Chaltiel L, Fernandez A, Gabiache E, Dierickx L, et al. A clinical evaluation of the impact of the
Bayesian penalized likelihood reconstruction algorithm on PET FDG metrics. Nucl Med Commun. 2017,38:979-84.

llan E, Sandstrom M, Velikyan |, Sundin A, Eriksson B, Lubberink M. Parametric net influx rate images of 68Ga-DOTATOC
and 68Ga-DOTATATE: Quantitative accuracy and improved image contrast. J Nucl Med. 2017;58:744-9.

Van Essen M, Sundin A, Krenning EP, Kwekkeboom DJ. Neuroendocrine tumours: The role of imaging for diagnosis and
therapy. Nat Rev Endocrinol. 2014;10:102-14.

Sundin A, Arnold R, Baudin E, Cwikla JB, Eriksson B, Fanti S, et al. ENETS consensus guidelines for the standards of care
in neuroendocrine tumours: radiological, nuclear medicine & hybrid imaging. Neuroendocrinology. 2017;105:212-44.
Swinnen JV, Roskams T, Joniau S, Van Poppel H, Oyen R, Baert L, et al. Overexpression of fatty acid synthase is an early
and common event in the development of prostate cancer. Int J Cancer. 2002,98:19-22.

Mapelli P, Incerti E, Ceci F, Castellucci P, Fanti S, Picchio M. 11C- or 18F-choline PET/CT for imaging evaluation of
biochemical recurrence of prostate cancer. J Nucl Med. 2016;57(Suppl 3):43-8.

Schumacher MC, Radecka E, Hellstrom M, Jacobsson H, Sundin A. [11C] acetate positron emission tomography
computed tomography imaging of prostate cancer lymph-node metastases correlated with histopathological findings
after extended lymphadenectomy. Scand J Urol. 2015;49:35-42.

Sandblom G, Sérensen J, Lundin N, Higgman M, Malmstrém PU. Positron emission tomography with C11-acetate for tumour
detection and localization in patients with prostate-specific antigen relapse after radical prostatectomy. Urology. 2006,67:996-1000.
Oyama N, Akino H, Kanamaru H, Suzuki Y, Muramoto S, Yonekura Y, et al. 11C-acetate PET imaging of prostate cancer. J
Nucl Med. 2002;43:181-6.

Wassberg C, Lubberink M, Sérensen J, Johansson S. Repeatability of quantitative parameters of 18F-fluoride PET/CT and
biochemical tumour and specific bone remodelling markers in prostate cancer bone metastases. EJINMMI Res. 2017;7:42.
Apolo AB, Lindenberg L, Shih JH, Mena E, Kim JW, Park JC, et al. Prospective study evaluating Na18F PET/CT in
predicting clinical outcomes and survival in advanced prostate cancer. J Nucl Med. 2016;57:886-92.

Hsu DFC, llan E, Peterson WT, Uribe J, Lubberink M, Levin CS. Studies of a next generation silicon-photomultiplier-based
time-of-flight PET/CT system. J Nucl Med. 2017;58:1511-8.

Teoh EJ, McGowan DR, Bradley KM, Belcher E, Black E, Moore A, et al. 18F-FDG PET/CT assessment of histopathologically
confirmed mediastinal lymph nodes in non-small cell lung cancer using a penalised likelihood reconstruction. Eur
Radiol. 2016,26:4098-106.

Teoh EJ, McGowan DR, Macpherson RE, Bradley KM, Gleeson FV. Phantom and clinical evaluation of the bayesian
penalized likelihood reconstruction algorithm Q.Clear on an LYSO PET/CT system. J Nucl Med. 2015;56:1447-52.
Wangerin KA, Ahn S, Wollenweber S, Ross SG, Kinahan PE, Manjeshwar RM, et al. Evaluation of lesion detectability in
positron emission tomography when using a convergent penalized likelihood image reconstruction method. J Med
Imaging (Bellingham). 2017;4:011002.

Parvizi N, Franklin JM, McGowan DR, Teoh EJ, Bradley KM, Gleeson FV. Does a novel penalized likelihood reconstruction
of 18F-FDG PET-CT improve signal-to-background in colorectal liver metastases? Eur J Radiol. 2015;84:1873-8.

Sah BR, Stolzmann P, Delso G, Wollenweber SD, Hillner M, Hakami YA, et al. Clinical evaluation of a block sequential regularized
expectation maximization reconstruction algorithm in 18F-FDG PET/CT studies. Nucl Med Commun. 2017;38:57-66.

Lindstrom E, Velikyan |, Regula N, Alhuseinalkhudhur A, Sundin A, Sérensen J, et al. Regularized reconstruction of digital time-of-flight
68Ga-PSMA-11 PET/CT for the detection of recurrent disease in prostate cancer patients. Theranostics. 2019,9:3476-84.

Publisher’s Note

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

Page 14 of 14



	Abstract
	Background
	Results
	Conclusions

	Background
	Materials and methods
	Imaging protocol
	Image analysis
	Statistical analysis

	Results
	NEMA image quality phantom
	68Ga-DOTATOC
	18F-fluoride
	11C-acetate

	Discussion
	Conclusion
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

