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Abstract
Objectives  The present study aims to assess the impact of acquisition time, different iterative reconstruction protocols as 
well as image context (including contrast levels and background activities) on the measured spatial resolution in PET images.
Methods  Discovery 690 PET/CT scanner was used to quantify spatial resolutions in terms of full width half maximum 
(FWHM) as derived (i) directly from capillary tubes embedded in air and (ii) indirectly from 10 mm-diameter sphere of 
the NEMA phantom. Different signal-to-background ratios (SBRs), background activity levels and acquisition times were 
applied. The emission data were reconstructed using iterative reconstruction protocols. Various combinations of iterations 
and subsets (it × sub) were evaluated.
Results  For capillary tubes, improved FWHM values were obtained for higher it × sub, with improved performance for PSF 
algorithms relative to non-PSF algorithms. For the NEMA phantom, by increasing acquisition times from 1 to 5 min, intrinsic 
FWHM for reconstructions with it × sub 32 (54) was improved by 15.3% (13.2%), 15.1% (13.8%), 14.5% (12.8%) and 13.7% 
(12.7%) for OSEM, OSEM + PSF, OSEM + TOF and OSEM + PSF + TOF, respectively. Furthermore, for all reconstruction 
protocols, the FWHM improved with more impact for higher it × sub.
Conclusion  Our results indicate that PET spatial resolution is greatly affected by SBR, background activity and the choice 
of the reconstruction protocols.
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Introduction

The high specificity and sensitivity of oncological FDG 
PET/CT imaging have made it a mainstay of modern clini-
cal imaging [1, 2]. Spatial resolution is one of the key 

parameters impacting PET performance and interpretation 
in oncological imaging [3]. The proposed method for meas-
uring the spatial resolution is straightforward in the NEMA 
standard [4] which is based on filtered back projection (FBP) 
algorithm and point source embedded in the air without 
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scattering media. While the FBP algorithm is linear and 
desirable for systems with wide transaxial coverage [5, 6], 
the presence of gaps in sinogram data challenges FBP [7, 8]. 
Nowadays, iterative reconstruction algorithms are popular 
in PET imaging [9, 10]. Furthermore, iterative reconstruc-
tion algorithms have been improved by incorporating point 
spread function modeling (PSF) and time of flight (TOF). 
Reconstruction algorithms can affect the quantification of 
PET/CT images [11–13].

PET images reconstructed with PSF modeling and/
or TOF result in improved PET-based quantification and 
can increase the SNR and contrast for lesions [14–16]. In 
patients with colorectal liver metastases, Rogasch et al. 
[17] showed that quantitative evaluation can be influenced 
when using either PSF or TOF protocols for radiotherapy or 
follow-up purposes in different tumor-to-background ratios. 
They also stated that PSF protocols showed the higher maxi-
mum standardized uptake value (SUVmax) at higher con-
trast, whereas in lower contrast TOF algorithms provided 
the higher SUVmax. It also illustrated that PSF modeling can 
improve the spatial resolution as well as diminish partial 
volume effects and provide more accurate SUV estimation 
[18–20]. Armstrong et al. [21] reported that PSF protocols 
can significantly increase the SUV measurement. They sug-
gested that improvement of spatial resolution can be helpful 
in distinguishing normal and abnormal patterns in oncology 
[22, 23]. In general, improved spatial resolution can lead to 
accurate PET quantification as well as lesion detectability 
especially in small lesions with low uptake [24, 25].

A study [26] on patients with lung cancer reported that 
various PET biomarker have various sensitivities to recon-
struction protocols. A previous work [27] investigated the 
influence of reconstruction and acquisition parameters on 
local noise in experimental phantoms and concluded that 
lower number of iterations or subsets can decrease the noise 
variance up to 80% in PET/CT images. Furthermore, they 
stated that higher filter values can reduce image noise up to 
25%. Recent studies [28–31] have also shown that noise lev-
els and artifacts can be substantially increased with decreas-
ing acquisition times.

At this time, the measured FWHM in air cannot reflect 
the real measured FWHM values in practical situations, 
given the fact that the presence of background activity 
and contrast levels along with different reconstruction pro-
tocols can affect the measured FWHM in clinical PET/
CT imaging. To address these challenges and achieve a 
more realistic spatial resolution measurement in clinical 
practice, we also used a 10 mm-diameter sphere of NEMA 
phantom for FWHM estimation. In the present study, only 
as a first step, the measured FWHM for the capillary tube 
in air in various reconstruction protocols was evaluated. 
In the next step, the impact of contrast, various acquisition 
times and background activities on the intrinsic FWHM 

in scattering media was also evaluated with consideration 
of different reconstruction (PSF and/or TOF) protocols for 
10 mm-diameter sphere of NEMA phantom.

Materials and methods

Experimental measurement

FWHM was measured for both capillary tubes in air and 
the NEMA phantom. In the first step, seven capillary tubes 
(inner diameter: 1 mm, length: 60 mm) filled with total 
activity 2 MBq of 18F-FDG were positioned at scanner 
FOV according to the following locations (in centim-
eters): (x, y, z): (− 20, 0, 0), (− 10, 0, 0), (0, 0, 0), (10, 0, 
0), (20, 0, 0), (0, 0, − 5.9) and (0, 0, 5.9). In the second 
step, the three spheres of the NEMA phantom (10, 17 and 
28 mm diameter) were filled with a solution of 18F-FDG, 
using signal-to-background ratios (SBRs) of 2:1, 4:1 and 
8:1. Two background activity concentrations (2.38 and 
4.78 kBq/ml) were also used. The smallest sphere size 
(10 mm diameter) was utilized for the evaluation of the 
FWHM value.

Data acquisition and image reconstruction

In this study, we used a Discovery 690 PET/CT scanner 
(GE Healthcare, Milwaukee, Wisconsin, USA) equipped 
with a 64-slice CT scanner. This PET scanner uses lute-
tium yttrium oxyorthosilicate (LYSO) crystals with a 
70 cm transaxial FOV. The coincidence time window of 
the PET scanner is 4.9 ns and timing resolution of TOF 
is 555 ps.

The PET data for both capillary tubes in air and the in-
house-NEMA phantom were reconstructed with various 
reconstruction algorithms: (1) OSEM = OSEM with no 
PSF or TOF, (2) OSEM + PSF = OSEM with PSF only, (3), 
OSEM + TOF = OSEM with TOF only and (4) OSEM with 
PSF and TOF = OSEM + PSF + TOF. In capillary tubes, 
Gaussian post-smoothing filter of 0, 2, 3, 4, 5 and 6 mm in 
full width at half maximum (FWHM) was applied. For the 
NEMA phantom, no post-smoothing filter was used. The 
reconstruction parameters were 2 and 3 iterations, and 16 
and 18 subsets for all reconstruction methods. The scans 
for all the SBRs used in this study were performed with 
a bed duration of 5 min for both the capillary tubes and 
the NEMA phantom. Additionally, for the NEMA phantom 
with SBR = 2:1, various acquisition times (ranging from 1 
to 5 min with a step of 1 min) were also used for various 
reconstruction protocols. CT imaging was obtained when 
100 kVp, 80 mA and 1 s rotation time was utilized.
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Assessment strategy

Spatial resolution was obtained as the FWHM in both 
radial and axial directions for each capillary tube. A para-
bolic fit was used to determine the maximum intensity 
pixel. Finally, linear interpolation between adjacent pixels 
specified the half-maximum points. Individual intrinsic 
FWHM values for different locations of capillary tubes 
were obtained by plotting FWHMMeasured (FWHM meas-
ured in various reconstruction protocols) vs FWHMFilter 
(FWHM of Gaussian filters with various sizes) and a 
linear fit to the data was used to extrapolate to a post-
reconstruction smoothing filter width of 0 mm (Eq. 1). 
This approach is preferable for improved accuracy [32] 
than using only the data with no post-smoothing. In the 
next step, FWHMintrinsic (FWHM of the PET system) was 
obtained by squared summation of all individual intrinsic 
values.

For the 10 mm-diameter sphere of the NEMA phantom, 
we determined intrinsic FWHM by applying the method 
in Hofheinz et al. [33]. This method performs convolu-
tion of a 3D isotropic Gaussian with the sphere geometry 
and derives the radial activity profile of a homogeneous 
sphere. The analytical solution contained some param-
eters such as true activity concentration within the sphere, 
the radius of a sphere, background level and FWHM of 
the Gaussian function. In this process, non-linear least 
squares fitting was used to determine FWHM of the 
Gaussian function. The remaining parameters were fixed 
to their known values. This method considers approxi-
mately similar values for the axial and transaxial resolu-
tion. The relative FWHM difference (%) was also applied 
for comparison of various iterative reconstruction proto-
cols on the FWHM value.

(1)FWHM
2

Measured
= FWHM

2

Intrinsic
+ FWHM

2

Filter

Results

Table 1 summarizes the individual FWHM in various cap-
illary tube locations embedded in the air when the lowest 
and the highest it × sub values were used for different recon-
struction protocols. In each method, the smallest intrinsic 
FWHM was seen for the center of the FOV. In x, the individ-
ual intrinsic FWHM for the PSF algorithms (OSEM + PSF 
and OSEM + PSF + TOF) showed smaller values for higher 
it × sub, with the differences being greater in comparison 
to non-PSF protocols (OSEM and OSEM + TOF). It is also 
worth noting that the relative difference (%) between mini-
mum and maximum of individual FWHM across different 
locations was 29.7% (28.4%), 34.1% (44.9%), 31.4% (32.4%) 
and 34.3% (44.6%) for OSEM, OSEM + PSF, OSEM + TOF 
and OSEM + PSF + TOF, respectively, when it × sub was 32 
(54).

Figure 1 depicts intrinsic FWHM values as derived from 
capillary tubes embedded in the air in various reconstruction 
methods for a range of it × sub reconstructions. The higher 
it × sub yielded smaller FWHM values with more impact for 
PSF algorithms relative to non-PSF algorithms. The rela-
tive differences (%) between the minimum and maximum 
of FWHM values among different reconstruction algorithms 
were 13.6%, 18.0%, 24.4% and 27.0% when different it × sub 
(32, 36, 48 and 54) was considered, respectively.

The square of the measured FWHM vs the square of the 
FWHM of the Gaussian filter is plotted in Fig. 2. The rela-
tive differences (%) of the measured FWHM values for the 
minimum and maximum size of the post-smoothing filter 
when it × sub = 32 (54) were 28.0% (30.6%), 30.4% (43.2%), 
29.1% (33.0%) and 32.8% (42.8%) for OSEM, OSEM + PSF, 
OSEM + TOF and OSEM + PSF + TOF, respectively.

Our findings related to intrinsic FWHM of the NEMA 
phantom for the various it × sub are shown in Fig. 3. The 
relative difference (%) between the minimum and maxi-
mum of intrinsic FWHM with increase in it × sub from 32 
to 54, when 2:1, 4:1 and 8:1 SBR was applied, were 6.85%, 

Table 1   Individual intrinsic FWHM values for different capillary tube locations embedded in the air and reconstruction protocols

Protocols Location (x, y, z)

Reconstruction method It × sub (− 20, 0, 
0) (mm)

(− 10, 0, 
0) (mm)

(0, 0, 0) (mm) (10, 0, 0) (mm) (20, 0, 0) (mm) (0, 0, 
− 5.9) (mm)

(0, 0, 5.9) (mm)

OSEM 32
54

2.41
2.32

2.26
2.06

1.75
1.66

2.28
2.10

2.46
2.31

2.49
2.28

2.48
2.27

OSEM + PSF 32
54

2.35
1.36

2.07
1.33

1.56
1.19

2.09
1.34

2.37
1.39

2.35
2.16

2.33
2.13

OSEM + TOF 32
54

2.36
2.21

2.17
1.83

1.68
1.52

2.19
1.84

2.39
2.23

2.43
2.25

2.45
2.23

OSEM + PSF + TOF 32
54

2.33
1.32

1.68
1.27

1.53
1.18

1.73
1.29

2.32
1.36

2.20
2.13

2.18
2.12
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8.88% and 7.33% for OSEM, 6.50%, 9.34% and 24.0% for 
OSEM + PSF, 6.12%, 11.6% and 9.16% for OSEM + TOF, 
and 7.67%, 14.7% and 21.6% for OSEM + PSF + TOF, 
respectively.

Variation of intrinsic FWHM in the NEMA phantom 
with SBR of 2:1 was evaluated when different acquisition 
times were applied (Fig. 4). The higher acquisition time 
yields improved intrinsic FWHM values. By increasing 
acquisition times from 1 to 5 min, intrinsic FWHM for 
it × sub = 32 (54) was improved by 15.3% (13.2%), 15.1% 
(13.8%), 14.5% (12.8%) and 13.7% (12.7%) for OSEM, 
OSEM + PSF, OSEM + TOF and OSEM + PSF + TOF, 
respectively.

Figure 5 illustrates the impact of background variation 
on the intrinsic FWHM for the NEMA phantom when 
SBRs of 2:1 and 8:1 were used. For both low and high 
background activity and all reconstruction protocols, the 
FWHM improved when it × sub increased. The relative dif-
ferences (%) between the minimum and maximum intrin-
sic FWHM values for low (high) background activity was 
5.28% (6.85%), 3.54% (6.50%), 5.00% (6.12%) and 5.23% 
(7.67%) for OSEM, OSEM + PSF, OSEM + TOF and 
OSEM + PSF + TOF, respectively, when it × sub increased 
from 32 to 54 for 2:1 SBR and 7.17% (7.33%), 21.2% 
(24.0%), 8.86% (9.16%) and 19.5% (21.6%) for 8:1 SBR.

To evaluate the impact of the increasing it × sub, 
the SNR (calculated as mean/SD) was measured for 
various SBRs (Fig. 6). An increase in it × sub from 32 
to 54 for OSEM, OSEM + PSF, OSEM + TOF and 
OSEM + PSF + TOF led to the SNR decreasing by 15.0%, 
9.60%, 10.2% and 7.31%, respectively, for 2:1 SBR; 
13.2%, 7.21%, 12.1% and 8.74%, respectively, for 4:1 
SBR; and 21.9%, 13.9%, 19.1% and 14.2%, respectively, 
for 8:1 SBR.

Fig. 1   Intrinsic FWHM derived 
from capillary tubes embedded 
in the air for various reconstruc-
tion protocols as a function of 
iterations × subsets

Fig. 2   Measured FWHM for capillary tubes embedded in the air as a 
function of post-smoothing Gaussian filter for different reconstruction 
protocols; a it × sub = 32, b it × sub = 54
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Discussion

In clinical PET/CT studies, the diagnostic quality is affected 
by the spatial resolution and noise levels of the image. 
Higher noise level can also effectively degrade spatial reso-
lution and result in poorer accuracy. The choice of inappro-
priate reconstruction protocols [34–36] and low background 
activity [37] can lead to increased noise levels. Furthermore, 
the use of varying contrasts in spatial resolution measure-
ment leads to contradictory measurements among studies 
[38]. To address these challenges, we assessed the influence 
of various reconstruction parameters, contrast and back-
ground activities for OSEM, OSEM + PSF, OSEM + TOF 
and OSEM + PSF + TOF for both capillary tubes embedded 

Fig. 3   Intrinsic FWHM measured from the NEMA phantom in vari-
ous reconstruction protocols as a function of iterations × subsets; a 
SBR = 2:1, b SBR = 4:1 and c SBR = 8:1

Fig. 4   Intrinsic FWHM derived from NEMA phantom for 1, 2, 
3, 4 and 5 min acquisition time when SBR is 2:1; a it × sub = 32, b 
it × sub = 54
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in the air and the NEMA phantom for measurement of 
FWHM in PET/CT images.

The PSF algorithm leads to better as well as more uni-
form spatial resolution throughout the FOV and can improve 
the image quality, due to incorporation of additional infor-
mation about the detector system response within the system 
matrix of the iterative reconstruction algorithm [39]. At the 
same time, the more advanced reconstruction model of PSF 
algorithm needs more iterations to adequately reconstruct 
images. Our findings in capillary tubes depicted that the 
larger distance to the center of FOV results in a degraded 
individual FWHM with less impact on PSF algorithms ver-
sus to non-PSF algorithms (Table 1), as would be expected 
due to parallax effects. Although PSF algorithms can lead 
to improved individual FWHM values in different locations 
of scanner FOV relative to non-PSF algorithms, actually 
these algorithms are greatly sensitive to the choice of the 
reconstruction parameters (Table 1).

We also observed that intrinsic FWHM measurements in 
capillary tubes were improved by increase in it × sub (Fig. 1). 
The dependency of FWHM on reconstruction parameters 
is in agreement with previous studies showing that spatial 
resolution measurements can be affected by the number of 
iterations [38, 40]. In Fig. 1 with increase in it × sub from 32 

to 54, the improvement in FWHM was 7.28%, 26.9%, 9.19% 
and 21.6% for OSEM, OSEM + PSF, OSEM + TOF and 
OSEM + PSF + TOF, respectively, which is in line with the 
findings of Lodge et al. [32] that demonstrated that FWHM 
values were not more affected by increasing the iteration 
numbers when applying the OSEM + TOF reconstruction 
algorithm (less than or equal to 5%). However, their recon-
struction parameters showed some difference when com-
pared to our parameters.

Our study revealed that (Fig. 2), with increase in the 
post-smoothing filter in capillary tubes, FWHM value was 
increased for various reconstruction protocols that are in 
line with previous studies [41, 42]. In addition, more atten-
tion must be applied to choosing filter size of higher it × sub 
when PSF protocols are applied. It seems interesting that 
when 5 mm post-smoothing filter was applied, and it × sub 
was 32 (54), the relative difference between OSEM and 
OSEM + PSF + TOF for the square of the measured FWHM 
was 15.1% (25.7%), respectively.

The non-linearity and the non-negativity constraint of 
the iterative reconstruction algorithms were a paramount 
cause for contrast-dependent spatial resolution [43, 44]. We 
observed that, for 10 mm sphere diameter of the NEMA 
phantom, intrinsic FWHM values improved for higher SBR 

Fig. 5   Intrinsic FWHM derived from NEMA phantom when background activity levels were 2.38  kBq/mL and 4.78  kBq/mL. SBR = 2:1; a 
it × sub = 32, b it × sub = 54; SBR = 8:1; c it × sub = 32, d it × sub = 54
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and higher it × sub for all reconstruction protocols (Fig. 3). 
Furthermore, significant variation for intrinsic FWHM 
among different protocols was also seen with increase in 
SBR in the specified it × sub. So for it × sub = 54, the relative 
difference between OSEM + TOF and OSEM + PSF + TOF 
was 5.19%, 6.51% and 22.9% when 2:1, 4:1 and 8:1 SBR 
was applied (Fig. 3). For the phantom study performed by 
Rogasch et al. [45], noteworthy improvements were also 
reported when using PSF algorithms especially at high 
contrast.

It notifies that, in 2:1 SBR, with increase in acquisition 
time from 1 to 3 min, improvement for intrinsic FWHM 
was observed for both lower and higher it × sub (32 and 54); 
however, nearly the same value was obtained for individual 
protocols with acquisition time ≥ 3 min to 5 min. Moreo-
ver, OSEM + PSF + TOF protocol revealed the best value 
for intrinsic FWHM among various protocols in our study 
(Fig. 4). In a recent study, Noto et al. [46] have evaluated the 
influence of PET acquisition duration on lesion detectability 
and diagnostic performance. They found that shorter acquisi-
tion times (equal to or less than 90 s) resulted in lower image 
quality as well as lower lesion detectability.

Our results showed that PSF protocols resulted in more 
variation for intrinsic FWHM in 10 mm sphere size of the 
NEMA phantom when it × sub was increased from 32 to 
54, for both low and high activity background and SBR; 
higher differences were seen for higher activity background 
and SBR (Fig. 5). In general, improved intrinsic FWHM 
was also seen for higher activity background and SBR with 
more impact for higher it × sub. Moreover, we found that 
using OSEM + PSF + TOF algorithm can lead to improving 
FWHM values for both lower and higher background activi-
ties and it × sub relative to other reconstruction algorithms, 
in conformity with previous studies [47, 48]. Although fur-
ther studies focusing on analyzing the detectability in PET 
images are still required, a better image resolution (i.e., 
FWHM) has the potential of improving the medical diag-
nosis of small lesions that can be typically missed, such as 
early stage tumors, metastatic sites, or small nodules. Previ-
ous studies have shown that improving PET spatial resolu-
tion can be beneficial in the diagnosis of cancer, e.g., pros-
tate cancer [49].

It can be seen that SNR values decreased by increasing 
it × sub for all reconstruction algorithms in all SBRs (Fig. 6), 
which is attributable to the resulting noise enhancements 
[50]. The FWHM improvement is notable enough to accept 
the moderate SNR decrease by increasing it × sub, espe-
cially in PSF algorithms. However, on the other hand, our 
results suggest that more attention must be paid to selection 
of it × sub in higher SBRs, specifically if applying non-PSF 
algorithms.

Some limitations of our study are that all measurements 
for capillary tubes were done with no background (cold or 

Fig. 6   Comparison of the SNR in various reconstruction protocols for 
10 mm diameter sphere of NEMA phantom. The charts represent the SNR 
vs iterations × subsets for a SBR = 2:1, b SBR = 4:1 and c SBR = 8:1
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warm scattering media) and phantom studies only consid-
ered a warm background for all FWHM measurements.

The present work indicates that PET spatial resolution is 
greatly affected by SBR, background activity and the choice 
of the reconstruction protocols. We would like to emphasize 
that FDG avid is different for various cancer with a different 
type of pathology. For example, bronchoalveolar carcinoma 
and adenocarcinoma in the lung are not very FDG avid in 
contrast to diffuse large B-cell lymphoma, follicular lym-
phoma and squamous cell carcinoma. So it seems various 
types of cancer can be illustrated with different SBR in the 
same organ. The distribution of FDG is also different among 
the human organ (for example, higher uptake in the liver 
and lower uptake in the lung). It is important to be aware 
of the lesion size, background activity and type of cancer 
along with reconstruction protocols for clinical interpreta-
tion. Taking into consideration the current results for pro-
tocol selection and interpretation in oncologic imaging can 
improve the accuracy of lesion characterization, in particular 
in small and low-uptake lesions, and lead to proper clinical 
interpretation.

Conclusion

Our results demonstrated that spatial resolution in PET 
images can be related to the SBR, background activity and 
the choice of the reconstruction protocols. Improvement 
in spatial resolution can be clearly seen for PSF compared 
to non-PSF methods when higher it × sub and SBR are 
present. In addition, higher variations were seen for high 
background activities and higher SBR when it × sub was 
increased. Furthermore, less variation in spatial resolution 
can be observed among different protocols by increasing the 
acquisition time when higher it × sub was evaluated. Nearly 
consistent spatial resolutions were observed by increasing 
acquisition times ≥ 3 min for specific it × sub and reconstruc-
tion protocols.
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