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Abstract: We investigated the block sequential regularized expectation maximization (BSREM) algorithm. ACR
phantom measurements with different count statistics and 60 PET/CT research scans from the GE Discovery 600
and 690 scanners were reconstructed using BSREM and the standard-of-care OSEM algorithm. Hot concentration
recovery and cold contrast recovery were measured from the phantom data. Two experienced nuclear medicine
physicians reviewed the clinical images blindly. Liver SNR liver and SUV,__ of the smallest lesion detected in each pa-
tient were also measured. The relationship between the maximum and mean hot concentration recovery remained
monotonic below 1.5 maximum concentration recovery. The mean cold contrast recovery remained stable even for
decreasing statistics with a highest absolute difference of 4% in air and 2% in bone for each reconstruction method.
The D600 images resulted in an average 30% higher SNR than the D690 data for BSREM; there was no difference
in SNR results between the two scanners with OSEM. The small lesion SUV__ values on the BSREM images with 3
of 250, 350 and 450, respectively were on average 80%, 60% and 43% (D690) and 42%, 29%, and 21% (D600)
higher than in the case of OSEM. In conclusion, BSREM can outperform OSEM in terms of contrast recovery and
organ uniformity over a range of PET tracers, but a task dependent regularization strength parameter (beta) selec-
tion may be necessary. To avoid image noise and artifacts, our results suggest that using higher beta values (at least
350) may be appropriate, especially if the data has low count statistics.
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Introduction ping point [3] or use regularization in the itera-

. L . tion cycle [4, B].
Positron emission tomography (PET) combined

with computed tomography (CT) is a widely A new PET reconstruction tool (Q.Clear®, GE

used functional imaging modality for diagnosis,
staging and management of various cancer
types [1]. The most often used PET image
reconstruction algorithm is the ordered subset
expectation maximization (OSEM), which is an
iterative statistical algorithm. Because image
reconstruction is an ill-conditioned problem,
image noise increases with number of itera-
tions. To mitigate image noise, the OSEM algo-
rithm is usually stopped before it has con-
verged; additionally, the images are often
post-smoothed using various filters [2]. Alte-
rnative approaches try to find the optimal stop-

Healthcare, Waukesha, WI) uses the block
sequential regularized expectation maximiza-
tion (BSREM) algorithm [6], which controls
noise at higher iterations by applying a relative
difference penalty built into the objective func-
tion. This enables one to employ more itera-
tions that is required for convergence and bet-
ter contrast recovery, while mitigating noise
amplification. The penalty term in the objective
function can be described as:

(X~ x)

“BR(x) ='6ZL,Z/<ENJW/WI<

X+ x+ 7l xi x|
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Table 1. Distribution of the radiopharmaceuti-
cals and scanners used to acquire data

Pharmaceutical D600 D690 >
8F-FPPRGD, 3 7 10
68Ga-DOTATATE 5 5 10
18F-FSPG 7 3 10
18F-FDG 3 7 10
8F-NaF 4 6 10
8F-NaF & *8F-FDG 5 5 10
b3 27 33 60

where n_and Nj denote the number of voxels
and the neighbors of voxel j, w,and w, are local
penalty weights, and y controls the level of
edge-preservation.

Different groups have already investigated the
relation between standard OSEM and BSREM
[7-13] but these studies were performed us-
ing only 2-deoxy-2-[fluorine-18]fluoro-D-gluco-
se (FDG). More specialized radiopharmace-
uticals (*°Y spheres and **N-ammonia NH,)
were also evaluated in 2 publications [14, 15].
In this study, we compare this algorithm using
various radiopharmaceuticals (**F FB-PEG,-
E[c(RGDyK)], or **F-FPPRGD,; °*Ga-DOTA-Oc-
treotate or ©8Ga-DOTA-TATE; (4S)-4-(3-[(*®)F]
fluoropropyl)-I-glutamate or 8F-FSPG; 8F-FDG;
18F-NaF; combined 8F-NaF and 8F-FDG) using
the GE Discovery 600 (without time-of-flight)
and GE Discovery 690 (with time-of-flight) PET/
CT scanners. Our preliminary results [16, 17]
showed that the regularization strength param-
eter (B) strongly affects the SNR of the images,
which can impact the clinical application of the
algorithm [18]. This study asks whether it is
possible to find a B parameter for non-TOF
images that maximizes contrast recovery, but
still produces a clinically acceptable noise level,
which may be scanner and tracer dependent.

Materials and methods
Phantom study

The ACR phantom [19] was scanned on the GE
Discovery 600 (D600) and 690 (D690) PET/CT
scanners using a standard 10 min long acquisi-
tion protocol. The faceplate of the cylindrical
phantom has four fillable cylinders (8, 12, 16
and 25 mm in diameter) and three cold cylin-
ders (filled with air or bone equivalent material).
The lower portion with the cold rods arranged in
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a pie-shaped pattern was not used in the data
analysis. The phantom was filled with a back-
ground activity concentration of 6.44 and 6.48
kBg/ml and a hot cylinder concentration of
14.04 and 11.97 kBg/ml in the D600 and
D690 measurements, respectively.

The data were truncated to create different
measurement statistics between 5 and 100%
of the total counts (1.79e8 and 1.37e8, respec-
tively, for the D600 and D690) resulting in mea-
surement times between 20 s and 10 min. The
11 data sets were reconstructed using:

(1) The standard-of-care OSEM algorithm avail-
able on the scanners with 2 iterations and 32
subsets for D600 and 2 iterations and 24 sub-
sets for D690 (as recommended by the manu-
facturer), in both cases using the standard
post-filters: an in plane Gaussian filter with 6.4
mm FWHM and an axial triangle filter with the
weights of [1 4 1].

(2) The BSREM algorithm with 25 iterations and
different regularization strength parameters (8
values between 250 and 450) without any post
filter applied.

Signal-to-noise ratio (SNR) was measured in
the uniform region (middle section) of the phan-
tom and was calculated as the ratio of the pixel-
wise mean and standard deviation of the cylin-
drical region of interest (ROI). The relative SNR
difference between the scanners for a given
reconstruction method was defined as:

SNR (D690)
SNR(D600) °

Mean and maximum hot concentration recov-
ery were defined as the ratio between the mean
or maximum concentration measured in the
hot cylinders (in ROIs with the same diameter
as the cylinders) and the actual activity concen-
tration value (from the dose calibrator). To cal-
culate cold contrast recovery the mean concen-
tration values were measured in cylindrical
ROls (same diameter as the cylinders) and were
compared to the mean of the uniform region
(same as in the SNR calculation). We used the
Wilcoxon signed-rank test for statistical
comparison.

ASNR = 1-

Patient study

A total of 60 datasets from clinical research
PET/CT scans using various radiopharmaceuti-
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Figure 1. ACR phantom from left to right with 100%, 50%, 20% and 5% of the
total counts, respectively; A: D690 top row OSEM, bottom row BSREM =350;
B: D600 top row OSEM, bottom row BSREM =350.
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Figure 2. Mean vs. maximum hot concentration recovery for the hot cylinders
of the ACR phantom (top: D600, bottom: D690). The different marker shapes
depict the 4 reconstruction methods; the marker color represents the SNR
value measured in the uniform region of the phantom.

(median 26.1). The local in-
stitutional review board ap-
proved this retrospective
study and the requirement to
obtain informed consent was
waived. For each data set, 3
images were reconstructed
using BSREM (with B values
of 250, 350 and 450) and
compared to standard OSEM
reconstruction with recon-
struction parameters the
same as in the phantom
study. The vendor suggested
B value of 350, we added
lower and higher values in
this evaluation. Table 1 sh-
ows the number of patients
for each scanner and phar-
maceutical type. Each of the
4 reconstructed images/
scan were reviewed in ran-
dom order by 2 nuclear med-
icine physicians (Al, 11 years
of experience interpreting
PET; EM, 9 years of experi-
ence interpreting PET) using
a GE Advantage Workstation
version 4.6 workstation and
scored 1-5 for visual quality
(1 poor, 5 excellent image
quality). The readers were
blinded to the patients’ med-
ical history and characteris-
tics of the image reconstruc-
tion. Signal-to-noise ratio i
n the liver and maximum
standardized uptake values
(SUV__) of the smallest le-
sion detected in each patient
were also measured for
comparison.

Cohen’s kappa test was cal-
culated to evaluate inter-
observer agreement of the
visual scores. Multivariate
regression was performed to
analyze the relation of the

cals were retrospectively reconstructed from SUV values, organ homogeneity, and scanner
the archived sinogram data. The studies in- and pharmaceutical type. The relative SUV__
volved 31 male and 29 female patients with measurements were defined as the ratio of the
age between 31-79 (median 57) and Body BSREM and OSEM SUV__ values for a given
Mass Index (BMI) between 17.4 and 38.0 lesion. The R 3.1.1 software (R-Project) was
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Table 2. Mean cold contrast recovery percentage* aver-
aged over all count statistics for BSREM () and OSEM

Clinical study

Figure 3 depicts the liver SNR and

Reconstruction method D600 D690 smallest lesion SUV__ values mea-

Air Bone Air Bone sured on the patient images. The D600
BSREM (250) 35+1 3+£06 29+04 02103 images resulted in an average 30%
BSREM (350) 37+1 5+04 31+04 04+04 higher SNR than the D690 data for
BSREM (450) 39+1 8+0.2 32+0.3 0.9+0.4 BSREM while there was no difference
OSEM 37+1 11+02 38+05 1.4+04 between the scanners with OSEM. The

*: Data are given as mean + standard deviation (%).

used to perform all statistical analyses in this
study.

Results
Phantom study

Figure 1 shows the sum of seven slices of the
ACR phantom reconstructed from data sets
with different statistics. The BSREM image
SNR values ranged between 3.95-35.3 (D600)
and 2.71-30.7 (D690) while the OSEM images
had SNR of 5.51-26.9 (D600) and 6.33-31.0
(D690). When compared at matched count sta-
tistics the BSREM images had a 0 to 10% high-
er relative SNR values for D600 compared to
D690 while in the case of OSEM this relative
difference was from -33 to -40%.

Figure 2 depicts the relationship between the
mean and maximum hot concentration recov-
ery for the four different reconstruction meth-
ods for all hot rods and statistics. While the
maximum concentration recovery remains
under about 1.5 the relation remains monoton-
ic. Above this limit the mean recovery plateaus
even when the maximum recovery increases
due to image noise. The data points on the far
right tend to associate with BSREM with low 3
and have SNR below 10.

The mean cold contrast recovery remained sta-
ble through the decreasing statistics with a
highest absolute difference of 4% in air and 2%
in bone between the extreme points of each
method. Table 2 shows the average values for
the two scanners and four methods. The recov-
ery was significantly higher (P < 0.01) for both
materials for the D690 and for air for the D60O.
Interestingly the bone values improved tenfold
for BSREM on the D690 images compared to
the D600 data.
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small lesion SUV__ values on the
BSREM images were in average 80%,
60% and 43% (D690) and 42%, 29%,
21% (D600) higher than in the case of OSEM
with B of 250, 350 and 450, respectively. The
lesion SUV values were compared using the
Wilcoxon signed-rank test adjusted for multiple
comparisons; all three BSREM reconstructions
resulted in significantly higher values (P <
0.001). In the case of 3 patients some small
lesions were only identified on BSREM recon-
structions. A representative example in the
brain confirmed in a follow-up MRI study is
shown in Figure 5.

To measure the inter-observer agreement of
visual quality scores Cohen’s kappa was calcu-
lated for each OSEM-BSREM pair. Since the
agreement was poor (1-5 scale: k < 0.15) the
observers were not pooled in the analysis.
Table 3 shows the mean visual scores for each
observer, reconstruction method and scanner.
The scores were significantly higher (P < 0.02)
for all beta values for the first reader but not for
the second reader (after adjusting for multiple
comparisons). Figure 4 shows the relative num-
ber of cases when a given method for a given
radiopharmaceutical received the highest
score out of the 4 images presented to the
readers. For a certain patient, often multiple
images received the same score hence the
ratios do not sum to 1.

To reveal the contribution of the different radio-
pharmaceuticals on the visual score and the
relative small lesion SUVmax values (compared
to OSEM) we performed a multivariate regres-
sion adjusted for reconstruction algorithm,
scanner type, reader, liver SNR, and BMI. Table
4 summarizes the regression coefficients. The
visual score coefficients reflected the opposing
scoring behaviors of the two readers and
showed a significant increase (P < 0.03) only
for NaF images. The reconstruction method
coefficients for the relative SUV__ (compared

max
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Figure 3. Small lesion SUV__ difference between BSREM and OSEM as a function of the OSEM SUV __ value in the
60 patient studies using various radiopharmaceuticals. The different marker shapes depict the 3 BSREM (3 values;
the marker color represents the SNR value measured in the liver.
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Figure 4. Relative number of cases when a given
method for a given radiopharmaceutical received
the highest score out of the 4 images presented to
the readers.
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to OSEM) were significantly higher than 1 (P <
0.005) for all three B values, Furthermore, all
pharmaceuticals except for the combined NaF
and FDG administration contribute to signifi-
cantly higher (P < 0.01) ratios than that for
FDG.

Discussion

Here we compared BSREM and OSEM in terms
of contrast recovery, SNR, lesion detectability,
and organ homogeneity for non-TOF image
reconstruction protocols with various radio-
pharmaceuticals. While other studies focused
on FDG and TOF reconstructions, non-TOF
scanners still represent a large proportion of
the clinical instrumentation [20] and new trac-

Am J Nucl Med Mol Imaging 2018;8(2):110-118
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resolution of the D690 sc-
anner.

The visual scores showed
opposite trends of beta
value preference for the two
readers (see Table 3). This
perhaps mainly stems fr-
om the difference in image
noise tolerance between
the two physicians, a “real”
variation that occurs in clini-
cal image interpretation.
While low beta images are
generally richer in details
they often contain more un-
correlated random noise
than OSEM or BSREM with
high beta (see Figure 5).
When selecting the regular-
ization strength coefficient
for a specific protocol (and
scanner) the expected count
statistics and the desired
organ homogeneity level sh-
ould be considered.

Figure 5. Arrow indicates focal *®F FPPRGD, uptake visualized on the 3 BSREM

reconstructions that is not seen on the OSEM image in a 34-year-old woman
with recurrent GBM. Brain MRI follow-up done 1 and 2 months later confirm a

growing contrast enhancing lesion in this location.

ers with different biodistribution than FDG are
being introduced to research and clinical prac-
tice [21, 22].

SUV __ is a frequently used metric to describe
lesion aggressiveness due to its reproducibility
[23]. Ideally, SUV__ is proportional to SUV__
hence accurately represents the whole lesion.
Figure 2 suggests that the relation between
SUV__ and SUV__ are not necessarily mono-
tonic (when SNR and [ are too low) which can
result in misclassification of image noise,
hence using SUVpeak is advisable [24].

BSREM gave significantly better cold contrast
values than OSEM in both materials for the
D690 and for air for the D600 (see Figure 1
and Table 2). Further investigation of the signifi-
cant relative difference between the bone cold
contrast recovery of the scanners showed that
while the values decrease for the D690 up to
about 10 iterations, the decrease is much lower
for the D600 and becomes negligible above 5
iterations. This may be due to the higher spatial
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In three patients, we obse-
rved that the BSREM algo-
rithm enabled visualization
of lesions not seen with
OSEM, at least one of which was confirmed
with enhancement seen on a follow up MRI.
Tools such as Q.Clear® will make very important
to have PET tracers specific for particular dis-
eases because small FDG-avid lesions may be
non-specific. Finding small lesions that can be
anything is not as good as finding small lesions
that are cancer; hence our use of targeted
radiopharmaceuticals such as **F-FPPRGD,
[25], °8Ga-DOTATATE [26], and *8F-FSPG [27]. To
determine how best to interpret and use these
new findings and how it affects clinical man-
agement will be a subject of future study. Figure
4 illustrates how in the case of **F-FPPRGD,
smaller lesions (confirmed on follow-up imaging
to be true positive) were not seen using OSEM,
but were conspicuous using BSREM. This may
have major implications for patient case, such
as selecting the appropriate treatment or
assessment of response to therapy.

Our study had four main limitations: the rela-
tively small sample size (given the four pharma-
ceuticals used), the small number of nuclear

Am J Nucl Med Mol Imaging 2018;8(2):110-118
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Table 3. Readers’ visual scores for image quality* Conclusion
Scanner 250) BS(F;E\;)(B) 450) OSEM BSREM. can outperform
OSEM in terms of contrast
Visual Reader| D600 4.37+.56 4.19+.56 4.00+.68 3.81+.79 recovery and organ unifor-
score D690 3.85+11 397+.98 3.94+.90 355%.83 ity over a range of PET
Pooled 4.08 +.94 4.07 +.82 3.97 +.80 3.67 £.82 tracers, but a task depen-
Readerll D600 3.33+.55 3.59+.57 3.52+.51 3.78+.51 dent regularization strength
D690 3.06+.83 3.39+.75 3.48+.62 3.67 +.54 parameter (beta) selection
Pooled 3.18+.72 3.48+ .68 3.50+ .57 3.72+.52 may be necessary. To avoid

*: Data are given as mean on scale from 1 to 5 + standard deviation.

Table 4. Linear regression analysis of visual scores* and smallest

lesion relative SUV __

image noise and artifacts,
our results suggest that
using higher beta values (at
least 350) may be appropri-
ate, especially if the data

has low count statistics.

Visual score Relative SUVmax
Estimate Pr(>|t]) Estimate Pr(>|t]) Acknowledgements

Intercept 3.6 0.00"** 0.58 7.0E-02
BSREM =250 -0.52  9.6E-05" 0.63 8.9E-10" The authors would like to
BSREM =350 030  2.7E-02° 0.45  1.5E-05** thank Shawna Kinsella and
BSREM B=450 034  1.4E-02° 0.30 4.4E-03" Vinh Nguyen for their help
BSREM B=250 * Readerl  0.95  5.1E-07** - - with phantom data acquisi-
BSREM =350 * Readerl  0.63  T.4E-04"" - - tions and Stephen G. Ross
BSREM B=450 * Readerl ~ 052  5.8E-03" - - at GE Healthcare for his
$3Ga-DOTA TATE 001  9.3E01 060  7.0E05" valuable comments and his
s help with image reconstru-

F-FSPG 0.16 2.1E-01 0.65  7.7E-06 ction.
18F_NaF & F-FDG -0.02 8.5E-01 0.15 2.9E-01
8F-FPPRGD, 0.20 1.0E-01 0.46 7.1E-04™" Disclosure of conflict of
8F-NaF 0.35 2.8E-02" 0.46 9.2E-03™ interest
SUV__ (OSEM) - - -0.01  1.4E-03"

None.

*Model: reconstruction method (categorical, reference: OSEM), reader (categorical:

0/1), radiopharmaceutical (categorical, reference: *8F- FDG), liver SNR (continuous,

no unit), relative liver SNR compared to OSEM (continuous, no unit) also adjusted for
scanner type (categorical: 0/1), and BMI (continuous, in kg/m?); *#*Model: recon-
struction method (categorical, reference: OSEM), radiopharmaceutical (categorical,
reference: 8F-FDQG), liver SNR (continuous, no unit), small lesion SUV

Address correspondence to:
Dr. Andrei lagaru, Division of
Nuclear Medicine and Mole-

using OSEM cular Imaging, Department of

max

(continuous, no unit), also adjusted for scanner type (categorical: 0/1), and BMI (con-

tinuous, in kg/m?); “Significance codes: 0 “**” 0.001 “** 0.01 “’ 0.05.

medicine physicians grading the images, the
too general “visual quality” criteria for image
scoring, and only SUVmax values measured for
the small lesions. In this preliminary study, we
were interested in the effect of the different
tracers and scanners to see if further, more
detailed investigation is necessary to deter-
mine optimal parameter protocol selection. Our
results suggest that while decreasing beta
increases concentration recovery, in clinical
practice a higher beta value - between 350 and
450 - is more suitable for all the studied phar-
maceuticals. This is in agreement with what
others reported for FDG [7, 11].
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