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Purpose: Several investigators have shown that noise equivalent count rate (NECR) is linearly pro-
portional to the square of image signal-to-noise ratio (SNR) when PET images are reconstructed
using filtered back-projection. However, to our knowledge, none have shown a similar relation-
ship in fully 3D ordered-subset expectation maximization (OSEM) reconstruction. This paper has
two aims. The first is to investigate the NECR-SNR relationship for 3D-OSEM reconstruction us-
ing phantom studies while the second aim is to evaluate the NECR-SNR relationship using patient
data.

Methods: An anthropomorphic phantom was scanned on a GE Discovery-STE (DSTE) PET/CT
scanner in 3D mode with an initial activity concentration of 66.34 kBg/cc. PET data were acquired
over the lower chest/upper abdomen region in dynamic mode. The experiment was repeated with
the same activity concentration on a GE Discovery-RX (DRX) scanner. Care was taken to place the
phantom at identical positions in both scanners. PET data were then reconstructed using 3D Repro-
jection (3D-RP) and 3D-OSEM with different reconstruction parameters and the NECR and SNR
for each frame/image were calculated. SNR? was then plotted versus the NECR for each scanner,
reconstruction method and parameters. In addition, 40 clinical PET/CT studies from the two scanners
(20 patients/scanner) were evaluated retrospectively. The patient studies from each scanner were fur-
ther divided into two subgroups of body mass indices (BMI). Each PET study was acquired in 3D
mode and reconstructed using both 3D-OSEM and 3D-RP. The NECR and SNR of the bed position
covering the patient liver were calculated for each patient and averaged for each subgroup. Compar-
isons of the NECR and SNR between scanner types and BMIs were performed using a t-test and a p
value less than 0.05 was considered significant.

Results: Phantom results showed that SNR? versus NECR was linear for 3D-RP reconstruction
across all activity concentration on both scanners, as expected. However, when 3D-OSEM was used,
this relationship was nonlinear at activity concentrations beyond the peak NECR on both scanners.
On the other hand, the plot of SNR? versus trues count rate was linear for 3D-OSEM across all
activity concentrations on both scanners independent of reconstruction parameters used. In addi-
tion, for activity concentrations <30kBg/cc, phantom results showed a higher SNR (by 12 £+ 10%;
p < 0.05) and NECR for the DRX scanner compared to DSTE for 3D-RP reconstruction. How-
ever, for 3D-OSEM reconstruction, these two scanners had similar SNRs (different by 2% =+ 9%;
p > 0.05), despite having different NECRs. Patient studies showed a statistically significant difference
in NECR as well as the SNR for 3D-RP reconstruction between the two scanners. However, no sta-
tistically significant difference was found for 3D-OSEM. A statistically significant difference in both
NECR and SNR were found between the different BMI subgroups for both 3D-RP and 3D-OSEM
reconstructions.

Conclusions: For the scanners and reconstruction algorithm used in this study, our results suggest that
the image SNR cannot be predicted by the NEC when using 3D-OSEM reconstruction particularly
for those clinical applications requiring high activity concentration. Instead, our results suggest that
image SNR varies with activity concentration and is dominated by the 3D-OSEM reconstruction
algorithm and its associated parameters, while not being affected by the scanner type for the range
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of activity concentrations usually found in the clinic. © 2012 American Association of Physicists in

Medicine. [http://dx.doi.org/10.1118/1.4750053]
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I. INTRODUCTION

PET imaging with fluorine- 18 fluorodeoxyglucose (!*F-FDG)
is widely used in clinical oncology to facilitate patient diag-
nosis in a wide variety of cancers.!”> However, this modal-
ity has been characterized by relatively low image quality*
particularly due to its low sensitivity and the acquisition of
random and scatter coincidences during the imaging process.
To assess the image quality of PET scanners, the metric noise
equivalent count rate (NECR) has been proposed.’ The NECR
is determined from the PET raw emission data, and is used
as a good indicator of the image quality because it takes
into account the effects introduced by scatter and random
coincidences.’”’

Several groups have investigated the behavior of NECR
while using various acquisition parameters, with the goal of
obtaining the optimal value of each parameter to achieve
the highest NECR. Badawi et al.® attempted to optimize the
NECR for different phantom sizes, activity in the field of
view, lower energy discriminator level, and acquisition mode.
Surti et al.’ evaluated the impact of phantom diameter and
scanner type on the NECR. The effect of injected dose on
NECR was also evaluated by several other groups'®~'? to opti-
mize the injected dose for patients of different weight or body
mass index (BMI). In all these studies,®'? the authors opti-
mized the statistical quality of the data by maximizing the
NECR. However, the NECR is a metric that represents PET
raw emission data and, therefore, may introduce potential bias
when correlated to the quality of reconstructed images, since
the NECR does not account for the noise correlations intro-
duced by reconstruction algorithms.

The signal-to-noise ratio (SNR) is another widely accepted
metric that characterizes PET image quality. SNR is derived
from image statistics rather than raw data which are needed
for NECR calculation. SNR reflects the relative signal level
with respect to the noise of the reconstructed image and,
thereby, the ability of PET to detect tumors.'>™'> Strother
et al’ and later Watson et al.'® showed that the square of the
SNR is linearly proportional to the NECR for 3D acquisition
reconstructed using rebinned filtered back-projection (FBP)
reconstruction. Dahlbom et al.'” then showed a similar rela-
tionship when using Fourier rebinned ordered-subset expecta-
tion maximization (FORE-OSEM) reconstruction. Recently,
several groups have assessed this linear relationship under
various conditions. Brasse et al.'® found a linear relation-
ship between SNR and the square-root of the NECR for two
random correction methods when PET data were acquired in
3D and reconstructed using FORE-FBP and FORE-OSEM.
El Fakhri et al.' found that the ratio of the square-root of
the NECR of 2D and 3D at three different BMI values had a
similar behavior to the SNR ratio for the two modes of PET
data acquisition and reconstructed by 2D-OSEM and FORE-
OSEM respectively.
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Although many studies have shown that the square of the
SNR is proportional to the NECR in various situations, some
concerns about this relationship still exist. Wilson et al.?°
suggested that the choice of reconstruction algorithm and
its associated parameters could have a large effect on im-
age quality that could not be predicted by NECR alone. Oth-
ers have raised concerns about this relationship when OSEM
reconstruction is used.?'~?* This iterative algorithm provides
a different noise propagation®*?* as compared to FBP and
such noise characteristics may affect the relationship between
NECR and SNR. Badawi et al.?® pointed out that spatial res-
olution and reconstruction methods frequently differ between
systems or acquisition modes, so the NECR might not always
track image quality in a meaningful manner. Additionally, the
raw data may not follow a Poisson distribution because of ef-
fects such as detector dead time;?” thus, the use of the NECR
may be limited. Furthermore, the NECR does not account for
possible count rate bias such as the systematic mispositioning
of data because of spatial pile-up effects.?®

The aim of this study is to evaluate using phantoms the
relationship between the NECR and the SNR in PET imaging
when a fully 3D OSEM reconstruction algorithm is applied.
To our knowledge, this relationship has not been previously
studied for a fully 3D OSEM reconstruction model. Another
aim of this study is to evaluate the effects of the NECR-SNR
relationship on patient results by analyzing patient studies
with different body mass index (BMI) and scanner types. In
both phantom and patient studies, linear and nonlinear re-
construction methods were used to evaluate this relationship
while using various reconstruction parameters. Two different
scanner designs were also included to assess the effect of
detection efficiency from various detector materials on the
NECR and SNR. The setup and preparation of the phantom
studies are described in Sec. II and their results are shown in
Sec. III. Further considerations about this paper are discussed
in Sec. IV. Section V concludes this paper.

Il. MATERIALS AND METHODS
II.LA. PET/CT scanners
Il.LA.1. DSTE scanner

This scanner consists of a full-ring of bismuth germinate
oxide (BGO) detectors arranged on four rings of 70 detector
blocks. Each block consists of an 8 x 6 (tangential x ax-
ial) detector elements. The detector crystal size is 4.7 x 6.3
x 30 mm?. The scanner has a trans-axial field of view (FOV)
of 70 cm and a 15.7 cm axial extent. The scanner has re-
tractable septa and can operate in both 2D and 3D modes.
The energy window is 375-650 keV in 2D mode and 425
—650 keV in 3D mode, while the coincident timing window
width is 9.6 ns for both acquisition modes. The axial and
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transaxial resolution is 5.1 and 5.4 mm, respectively. The sen-
sitivity in 2D and 3D is 2.2 and 8.4 cps/kBq, respectively. In
2D mode the peak NECR is 88 kcps at an activity concentra-
tion of 43 kBg/cc, while in 3D mode, the peak NECR is 75
kcps at an activity concentration of 13.1 kBg/cc. All measure-
ments are based on the NEMA NU2-2007 standard. The full
description and performance characteristics of this system can
be found in Ref. 29.

Il.LA.2. DRX scanner

This scanner consists of a full-ring of lutetium yttrium or-
thosilicate (LYSO) detectors. It is arranged on four rings of
70 detector blocks. Each block is composed of a 9 x 6 (tan-
gential x axial) detector elements. The detector crystal size is
4.2 x 6.3 x 30 mm?>. The trans-axial FOV for this system is
70 cm, and the axial extent is 15.7 cm. The scanner can op-
erate in both 2D and 3D modes. The energy window is 425
—650 keV in both 2D and 3D modes, while the coincident
timing window width is 5.8 ns. The axial and transaxial res-
olution is 4.8 and 5.1 mm, respectively. The system sensitiv-
ity in 2D and 3D is 1.7 and 7.3 cps/kBq, respectively. The
peak NECR is 155 keps at 92.1 kBg/ml in 2D and 117.7 keps
at 21.7 kBg/ml in 3D. All measurements are based on the
NEMA NU2-2007 standard. The description and performance
characteristics of this system can be found in Ref. 30.

II.B. Phantom studies

An anthropomorphic phantom (Radiology Support Device
Inc., Long Beach, CA) was used in this study. The phantom
was filled with F-18 water and scanned on a GE Discovery-
STE (DSTE) PET/CT scanner (GE Healthcare, Waukesha,
WI, USA) using 3D mode. Only one FOV was scanned, cov-
ering the lower chest and upper abdomen regions. In this
regard, the acquisition contained scatter and random events
from outside the FOV to emulate a real patient study, since the
length of the phantom (52 cm) was greater than the axial FOV
of the scanner (15.7 cm). Figure 1 illustrates the phantom and
its position with the FOV of the scanner. The activity concen-
tration in the phantom at the beginning of acquisition time was
set to 66.34 kBqg/cc. PET data were acquired using dynamic
mode for a total of 48 frames at 3 min/frame with a 12-min de-
lay between frames. The same experiment was then repeated
using the same activity concentration on a GE Discovery-RX
(DRX) scanner. The DRX scanner is similar to the DSTE sys-
tem except that it has LYSO detectors compared to BGO for
the DSTE system (refer to section on PET/CT scanners). Care
was taken to place the phantom at identical axial and transax-
ial positions of both scanners to eliminate the effects of posi-
tioning on the NECR and SNR. This process was facilitated
by the laser lights of the scanners and markings made on the
phantom.

All PET data acquisitions were corrected for attenua-
tion, random, scatter, and dead time using manufacturer soft-
ware and were reconstructed using both 3D Reprojection
(3D-RP) (Ref. 31) and VuePoint HD fully 3D OSEM (3D-
OSEM) (Ref. 32) algorithms with varying parameters. This
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FIG. 1. (a) Illustration of the FOV scanned for the anthropomorphic phan-
tom, (b) transaxial, and (c) coronal view of the PET image showing VOI
drawn on the phantom.

3D-OSEM algorithm incorporates the corrections for atten-
uation, random, and scatter coincidences inside the iterative
loop to preserve the Poisson nature of the data. The recon-
struction parameters used are listed in Table I. All the images
were reconstructed using 128 x 128 transaxial matrix size
with a 70 cm FOV, thus having the voxel size of 5.47 x 5.47
x 3.27 mm?. For 3D-OSEM reconstruction, different num-
bers of subsets were used while fixing the Gaussian post filter
width, as well as different filter widths while fixing the num-
ber of subsets. These reconstruction schemes were used to
evaluate the robustness of the NECR-SNR relationships with
regard to the reconstruction parameters. Decay correction was
turned off in all reconstructions since that option corrects the
activity concentration to the beginning of the dynamic scan,
which causes all the frames to have the same activity concen-
tration. Two parameters were calculated for each frame: the
NECR from the raw data and the SNR from the reconstructed
PET image.

The NECR was defined by Strother et al.’ as

TZ
NECR = ——, (1
T+ S+kR

where T, S, and R are the true, scatter, and random count rates,
respectively. The factor k is different for different methods of
correcting random coincidences. In this investigation, random
events were calculated on the basis of singles measurement;
therefore, k was set to 1. Equation (1) can be rewritten as

(P — R x (1 —sf)
T+S+R

NECR =

; @)

where P, R, and sf are the prompts rate, randoms rate, and
scatter fraction, respectively. sf is defined as S/(S + T).
Prompts were defined as the sum of true, scatter, and ran-
dom events. In this equation, R’ and S’ are corrected randoms
and scatter rates that included only the projections that passed
through the phantom. This was achieved by first determining
the phantom body contour from the CT images. The contour
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Reconstruction algorithms

PET/CT systems 3D-RP VuePoint HD fully 3D-OSEM
(1) 2 iterations, 14 subsets, Gaussian 6 mm filter
(2) 2 iterations, 20 subsets, Gaussian 6 mm filter
DSTE (3) 2 iterations, 35 subsets, Gaussian 6 mm filter
Transaxial filter: Hanning (4) 2 iterations, 20 subsets, Gaussian 4 mm filter
with 10.9 mm cutoff (5) 2 iterations, 20 subsets, Gaussian 8 mm filter
Axial filter: Ramp with (1) 2 iterations, 15 subsets, Gaussian 6 mm filter
6.5 mm cutoff (2) 2 iterations, 21 subsets, Gaussian 6 mm filter
DRX (3) 2 iterations, 35 subsets, Gaussian 6 mm filter

(4) 2 iterations, 21 subsets, Gaussian 4 mm filter
(5) 2 iterations, 21 subsets, Gaussian 8 mm filter

was then used to simulate a noiseless sinogram using forward
projection. The resulting sinogram was finally used to de-
cide which projections passed through the phantom habitus.
In Eq. (2), P, R, and sf are obtained from the patient’s raw data
which can be extracted directly from the recorded file header
on the GE Discovery PET/CT scanners. 7'is then calculated as
(P = R)*(1 — sf). R and §' are calculated by multiplying the
randoms and scatter rates respectively by a fraction (f) deter-
mined as the ratio of the R + S within a body mask to the total
R + S in the sinogram.

The SNR for each PET image was calculated from the ra-
tio of the mean to standard deviation of 200 randomly selected
non-neighboring voxels in a fixed VOI [10 x 25 x 15 voxels
as shown in Figs. 1(b) and 1(c)] drawn in the uniform back-
ground. We chose to calculate noise using this approach to re-
duce correlations between neighboring voxels caused by the
reconstruction process.”*3%3* The SNR was calculated for all
the images in the different dynamic frames, reconstruction al-
gorithms, parameters, and scanner types. The SNR squared
was then plotted versus the NECR for each scanner, recon-
struction method, and parameter to assess their relationships.
The NECR and SNR values from different frames, reconstruc-
tion algorithms, parameters, and scanners were also plotted
versus activity concentration and evaluated.

I.C. Patient studies

A total of 40 patients’ PET/CT studies were evaluated ret-
rospectively. These patients were divided into two groups of
20 patients per scanner model (DSTE and DRX). Each group
of 20 patients were further divided into two BMI subgroups

TABLE II. Patients information.

(small and large), giving a total of ten patients in each BMI &
scanner subgroup (Table II). The injected activity and postin-
jection time were kept similar among these subgroups to elim-
inate any potential effects of these parameters on the results
of the study. None of the selected patients had a liver lesion
or nonuniformity in order to minimize any bias due to differ-
ential liver uptake. An institutional retrospective chart review
PA11-0820 was obtained for this study.

PET data were acquired in 3D mode using 3 min per bed
position. Images were reconstructed using 3D-OSEM (DRX:
2 iterations, 21 subsets; DSTE: 2 iterations, 20 subsets) and
a postreconstruction Gaussian filter of 6 mm FWHM (clin-
ical protocol at our institution). In addition, patients’ data
were reconstructed using 3D-RP to evaluate the NECR-SNR
relationship between scanners, BMIs, and reconstruction
algorithms.

The NECR of the bed position covering the patient liver
and the SNR in the liver were calculated for each patient. The
liver was used in both cases since it represents the largest or-
gan that is characterized by a relatively high and uniform ac-
tivity concentration. NECR was determined using the same
approach described in the phantom studies above. SNR, on
the other hand, was calculated from the ratio of the mean to
standard deviation of 50 randomly selected non-neighboring
voxels in a fixed size VOI (6 x 6 x 20 voxels) drawn in the
liver of each patient. The NECR and SNR calculated for each
patient were then averaged for each subgroup. A comparison
of patients’ NECR and SNR between different scanner types
and BMIs was then performed using a 7-test on the original
ten patients’ data in each subgroup and a p value less than 5%
was considered significant.

Subgroup Number of Injected activity Postinjection time
category patients PET/CT systems  BMI (kg/mz) (MBq) (min)
DSTE, small BMI 10 DSTE 26.1 £ 14 418.1 £33.3 63.4+33
DSTE, large BMI 10 DSTE 324+£22 4292 +£51.8 632+45
DRX, small BMI 10 DRX 246+ 1.5 436.6 +48.1 642 +49
DRX, large BMI 10 DRX 319+ 1.8 451.4 +£48.1 604 £ 1.0

Medical Physics, Vol. 39, No. 10, October 2012
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FIG. 2. SNR squared vs NECR for different scanners and reconstruction algorithms: (a) images reconstructed using 3D-RP on both scanners, (b) images
reconstructed using 3D-OSEM with various subsets and filter widths on the DSTE scanner, and (c) images reconstructed using 3D-OSEM with various subsets

and filter widths on the DRX scanner.

Ill. RESULTS
llI.LA. Phantom studies

Figures 1(b) and 1(c) show the transaxial and coronal PET
image of the phantom, respectively. The position of VOI
drawn in the phantom to calculate SNR is also illustrated
on these figures. Figures 2(a)-2(c) show the SNR squared
versus the NECR for the 3D-RP and 3D-OSEM reconstruc-
tions. Each data point in Fig. 2 corresponds to the results
from one of the acquired dynamic frames. A linear correlation
can be seen in Fig. 2(a) for the 3D-RP reconstruction. Linear
curve fittings lead to 7 (coefficient of determination) of 0.92
and 0.95 for the two scanners, respectively [Fig. 2(a)]. How-
ever, Figs. 2(b) and 2(c) show nonlinear relationships between
these two variables for the 3D-OSEM reconstruction regard-
less of the reconstruction parameters and scanner types. The
plot shows that the square of the SNR was linearly related to
the NECR before the NECR reached its peak. The NECR then
decreased from its peak value at high activity concentration
while the SNR squared did not track the changes of NECR,
resulting in a nonlinear relationship between these two
variables.

We also plotted the square of the SNR vs the trues rate in
Figs. 3 and 4. Results of fixed filter width and varying subsets
were plotted in Fig. 3 for the two scanners. Figure 4 shows
the results of fixed subset and varying filter widths. Both fig-
ures show a dominant linear relationship between the SNR
squared and the trues count rate (+* > 0.9) when using 3D-
OSEM reconstruction, regardless of the choice of scanner and
reconstruction parameters.
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Figures 5(a) and 5(b) show the relationship between the
NECR and activity concentration, trues rate vs activity con-
centration for both scanners, respectively. There is a large dif-
ference in peak NECR between the two scanners. The peak
NECR for the DSTE scanner is 72 kcps and is achieved at
19 kBg/cc, while the peak NECR of the DRX scanner is
119 keps at 31 kBg/cc. The NECR for the DSTE scan-
ner decreases above 19 kBg/cc while the trues rate continue
to increase and reaches its plateau at about 50 kBg/cc. On
the other hand, the peak trues rate for the DRX scanner is
never reached with the activity concentrations used in this
study.

Figure 6(a) shows the SNR vs activity concentration on
both scanners using the 3D-RP reconstruction. SNR vs activ-
ity concentration using 3D-OSEM with fixed filter width and
fixed subset are shown in Figures 6(b) and 6(c), respectively.
Figure 6(a) shows that for activity concentration <30kBg/cc,
the SNR for the DRX scanner was consistently higher by 12%
£ 10% than the DSTE scanner with 3D-RP reconstruction
(p < 0.05). However, when using 3D-OSEM reconstruction
with similar parameters, the two scanners had similar SNRs
(2% + 9% difference on average) (p > 0.05) despite their
having different NECRs [Figs. 6(b) and 6(c)]. For activity
concentrations above 30kBg/cc, there is a large difference
for both the NECR and the trues rate between the two scan-
ners (Fig. 5), therefore SNRs start to deviate between the
two scanners for both algorithms. In addition, Figs. 6(b) and
6(c) also show that a higher SNR can be achieved by us-
ing a smaller number of iterations or a larger filter width
for 3D-OSEM for both scanners. This dependence however
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FI1G. 3. SNR squared vs the trues rate using 3D-OSEM with fixed filter
width and varying subsets for (a) DSTE and (b) DRX scanner.

is no longer satisfied when using the same reconstruction
parameters.

I1l.B. Patient studies

The NECR and the SNR in the liver for each patient sub-
group are shown in Fig. 7. Figure 7(a) shows the average
NECR for each BMI and scanner subgroup. The NECR val-
ues are on average higher by 47% for the DRX scanner when
compared to the DSTE scanner, and this difference is statis-
tically significant (p < 1%). The NECRs decreased by an
average of 26% when BMI changed from the small to the
large subgroup, and this change was statistically significant
r < 1%).

Figure 7(b) shows the average SNR for each BMI and
scanner subgroup using the 3D-RP reconstruction. The SNR
values are on average higher by 21% for the DRX scanner
when compared to the DSTE scanner (comparison of blue-to-
blue and red-to-red bars) as expected. This difference is sta-
tistically significant (p < 5%). SNR on average decreases by
21% when BMI changes from small to large subgroup. This
difference is also statistically significant (p < 5%).

Figure 7(c) shows the average SNR for each BMI and scan-
ner subgroup using the 3D-OSEM reconstruction. The SNR
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FIG. 4. SNR squared vs the trues rate using 3D-OSEM with fixed subset and
varying filter widths for (a) DSTE and (b) DRX scanner.

between the two scanners is on average different by 3% (com-
parison of blue-to-blue and red-to-red bars) and is not statisti-
cally significant despite these two systems having different
NECRs. On the other hand, SNR on average decreases by
13% when BMI changes from small to large subgroup. This
difference is statistically significant (p < 5%).

Figure 8 shows PET images of four patients from four
subgroups (Table II) respectively. Subfigures (a) and (b) cor-
respond to patients scanned on DSTE with small and large
BMIs respectively, while subfigures (c) and (d) correspond
to patients scanned on DRX scanner with small and large
BMIs, respectively. All images were reconstructed using 3D-
OSEM. The NECRs of the four patients were 27.5, 17.7, 49.0,
and 36.2 kcps, respectively, while the corresponding image
SNR in the liver using 3D-OSEM were 11.09, 9.18, 11.22,
and 9.45, respectively. On the other hand, the SNRs for these
patients when using 3D-RP were 6.78, 4.15, 9.09, and 5.82,
respectively.

IV. DISCUSSION

The aim of this study was to evaluate the relationship be-
tween the PET raw data NECR and the image SNR for fully
3D-OSEM reconstructions. This relationship has been previ-
ously shown to be linear for analytical reconstruction algo-
rithms such as FBP.>-16-1° but none, to our knowledge, has
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F1G. 5. (a) NECR vs activity concentration curves for the two scanners and
(b) trues rate vs activity concentration for the two scanners.

shown a similar relationship for iterative reconstruction al-
gorithms. Our investigation was based on phantom and pa-
tient studies using two different scanners—the GE DRX and
DSTE. Two different reconstruction methods were used: an
analytical (3D-RP) and an iterative (3D-OSEM) approach
while using different reconstruction parameters (Table I). The
NECR was calculated based on the events within the phan-
tom/patient contour only, and the SNR was calculated using
non-neighboring voxels to reduce correlations between neigh-
boring voxels caused by the reconstruction process.

Figure 2(a) clearly shows a linear correlation between the
SNR squared and the NECR in 3D-RP reconstruction. This
linear relationship is based on the linear noise propagation of
this reconstruction method.'® The average signal in the recon-
structed image is proportional to the true counts (7) after cor-
rection for scatter (S) and random (R) coincidences. However,
when assessing the variance of the signal, one should also ac-
count for the existing S and R in the raw data. These contribute
to image variance through Poisson distribution, and thus the
resulting variance should be T + S 4 R. This relationship is
reflected in the following equation:

signal® T

SNR? = —= o =
variance T+S+R

NEC. 3)

However, Figs. 2(b) and 2(c) show that the relationship
between these two variables was nonlinear when using 3D-
OSEM reconstruction irrespective of the scanner and recon-
struction parameters used. We speculate the reason for this
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result is that this algorithm (the GE VuePoint 3D-OSEM al-
gorithm) does not correct for S and R by subtraction of the
estimated S and R, respectively, but rather incorporating the
corrections inside the iterative loop. Such an approach min-
imizes the error propagation in correcting S and R and im-
proves image quality.

On the other hand, plotting the square of the SNR ver-
sus the coincidence trues rate for the 3D-OSEM reconstruc-
tion (Figs. 3 and 4) shows a dominant linear relationship (r?
> 0.9) regardless of the choice of scanner and reconstruction
parameters and suggests that:

SNR?  T. “4)

This equation is counter-intuitive, since it suggests that
scatter and randoms do not impact image quality. The orig-
inal relationship between SNR? and NEC (Refs. 5 and 16)
was based on a linear reconstruction algorithm (FBP). Our
finding suggests that for nonlinear algorithms such as OSEM,
this equation does not hold. As a matter of fact, there is no
reason for this relationship to hold given that it was only ver-
ified for linear algorithms. One potential explanation of our
finding in Eq. (4) may be derived from the evaluation of noise
properties by Wilson et al.>*3 In these papers, the authors
showed that image noise in the EM algorithm is related to
the true image value, so it seems reasonable to infer that this
could also be true for OSEM to some extent. Nevertheless,
Eq. (4) is only a reasonable hypothesis that requires further
discussion and validation.

One important consequence of Eq. (4) is that for 3D-
OSEM reconstruction, the suggested limit of injected activity,
which traditionally has been based on NECR, should now be
based on the trues count rate, which as shown in Fig. 5, does
not roll over as quickly as the NECR curve. This means that
images with higher SNR will be produced by increasing the
injected activity to match the peak trues count rate for 3D-
OSEM. However, further investigation is required to validate
such findings.

When 3D-OSEM reconstruction was used, the two scan-
ners had similar SNRs [Figs. 6(b) and 6(c)] despite having
different NECRs. Similar results are also found from patient
studies irrespective of BMI shown in Fig. 7. These findings
corroborate our previous results based on 180 patients’ PET
scans reconstructed using 3D-OSEM,* whereby no statisti-
cally significant difference in the amount of image noise be-
tween the two scanners was found even though the difference
in the NECRs was statistically significant. This finding sug-
gests that the SNR may not correlate with the NEC when 3D-
OSEM reconstruction is used. SNR in our study was used as a
surrogate for image quality, since other factors such as spatial
resolution and pixel size that also affect image quality were
held constant>* throughout this investigation/comparison
and hence had no effect on image quality. In this regard, our
results suggest that when comparing DSTE and DRX scan-
ners, a better count rate performance does not translate to
a better image quality when using VuePoint 3D-OSEM re-
construction algorithm. Further work is required to validate
this finding on other PET/CT scanner types and/or other 3D-
OSEM algorithms. In addition, Figs. 6(b) and 6(c) also show
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FI1G. 8. PET images of four patients from four subgroups (Table II): (a) small BMI on DSTE, (b) large BMI on DSTE, (c) small BMI on DRX, and (d) large

BMI on DRX.

that a higher SNR can be achieved by using a smaller number
of iterations or a larger filter width, suggesting that SNR is
impacted by the 3D-OSEM reconstruction algorithm and its
associated parameters as expected.

In summary, our investigation does not support a linear
relationship between the square of SNR and NECR for 3D-
OSEM reconstruction at high activity concentration but rather
hints to such a relationship between the square of the SNR
and the trues rate. Furthermore, our results also suggest that
for the scanners used in this study, a higher NECRs do not
necessarily result in better image quality when 3D-OSEM is
used.

A potential limitation of the results is that the two PET/CT
machines might have different calibration or correction accu-
racies that might have affected the corresponding image SNR
while sparing the NECR performance. However, both scan-
ners used in this study are based on the GE Discovery PET/CT
scanner series. Both systems have similar reconstruction en-
gines (VuePoint fully 3D-OSEM), same scatter, random, at-
tenuation, and normalization correction approaches. More-
over the phantom was placed at the same location of the two
scanners. In this regard, we believe that the effects of these
factors are negligible, and the count rate performance is the
dominant effect that affects image quality between the two
scanners. However since our results were based on DSTE and
DRX scanners and the VuePoint fully 3D-OSEM algorithm
that is available on these scanners only, our findings may not
be generalized for all 3D-OSEM algorithms and scanners de-
signs/models from different manufacturers. Further work is
required to validate this finding on other PET/CT scanner
types and/or other 3D-OSEM algorithms.

The main limitation of this study was that the noise calcu-
lation was not based on multiple realizations of the phantom
acquisitions, but rather on the standard deviation of voxels
in one single scan. However, results from our previous work
based on Ge-68 phantom studies using high and low activity
concentrations (data not shown) showed that these two meth-
ods of calculating image noise generate similar noise values.
In addition, Tong et al.'® also showed that these two meth-
ods lead to similar results. Another limitation in our study is
that there might be a bias in calculating the image noise in
patients’ liver due to the respiratory motion. Respiratory mo-
tion causes the image blurs in the liver, which might affect the
liver noise values. In this regard, the VOI used for image noise
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measurement was placed in the lower portion of the liver to
minimize the motion effects since that part of the liver is char-
acterized by less motion when compared to regions adjacent
to the diaphragm. Furthermore, the reliability of the image
noise calculation is based on patients with disease free liver.
Therefore our image noise results cannot be directly extrapo-
lated to those patients with liver tumors.

V. CONCLUSION

For the scanners and reconstruction algorithm used in this
study, the image SNR cannot be predicted by the NECR when
using 3D-OSEM reconstruction particularly for those clini-
cal applications requiring high activity concentration (cardiac
imaging). The image SNR however is a function of activity
concentration and is dominated by the 3D-OSEM reconstruc-
tion algorithm and associated parameters, and is not affected
by the scanner type for the range of activity concentration
found in the clinic.
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