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Abstract 

Aim:  To evaluate the effect of combining positron range correction (PRC) with point-
spread-function (PSF) correction and to compare different methods of implementation 
into iterative image reconstruction for 124I-PET imaging.

Materials and methods:  Uniform PR blurring kernels of 124I were generated using 
the GATE (GEANT4) framework in various material environments (lung, water, and 
bone) and matched to a 3D matrix. The kernels size was set to 11 × 11 × 11 based 
on the maximum PR in water and the voxel size of the PET system. PET image 
reconstruction was performed using the standard OSEM algorithm, OSEM with PRC 
implemented before the forward projection (OSEM+PRC simplified) and OSEM with 
PRC implemented in both forward- and back-projection steps (full implementation) 
(OSEM+PRC). Reconstructions were repeated with resolution recovery, point-spread 
function (PSF) included. The methods and kernel variation were validated using differ‑
ent phantoms filled with 124I acquired on a Siemens mCT PET/CT system. The data was 
evaluated for contrast recovery and image noise.

Results:  Contrast recovery improved by 2–10% and 4–37% with OSEM+PRC sim‑
plified and OSEM+PRC, respectively, depending on the sphere size of the NEMA IQ 
phantom. Including PSF in the reconstructions further improved contrast by 4–19% 
and 3–16% with the PSF+PRC simplified and PSF+PRC, respectively. The benefit of PRC 
was more pronounced within low-density material. OSEM-PRC and OSEM-PSF as well 
as OSEM-PSF+PRC in its full- and simplified implementation showed comparable noise 
and convergence. OSEM-PRC simplified showed comparably faster convergence but at 
the cost of increased image noise.

Conclusions:  The combination of the PSF and PRC leads to increased contrast recov‑
ery with reduced image noise compared to stand-alone PSF or PRC reconstruction. For 
OSEM-PRC reconstructions, a full implementation in the reconstruction is necessary to 
handle image noise. For the combination of PRC with PSF, a simplified PRC implemen‑
tation can be used to reduce reconstruction times.

Open Access

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original 
author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third 
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate‑
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://​
creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

ORIGINAL RESEARCH

Kertész et al. EJNMMI Physics            (2022) 9:56  
https://doi.org/10.1186/s40658-022-00482-y

EJNMMI Physics

*Correspondence:   
hunor.kertesz@meduniwien.ac.at

1 QIMP Team, Center for Medical 
Physics and Biomedical 
Engineering, Medical University 
of Vienna, Währinger Gürtel 
18‑20, 1090 Vienna, Austria
2 Siemens Medical Solutions USA, 
Inc., Knoxville, TN, USA
3 Clinic for Nuclear Medicine, 
University Hospital Essen, Essen, 
Germany
4 Ion Beam Applications, 
Protontherapy Center 
Quironsalud, Madrid, Spain
5 Nuclear Physics Group 
and IPARCOS, Faculty 
of Physical Sciences, University 
Complutense of Madrid, Madrid, 
Spain
6 Health Research Institute 
of the Hospital Clínico San Carlos, 
Madrid, Spain

http://orcid.org/0000-0002-4626-930X
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40658-022-00482-y&domain=pdf


Page 2 of 14Kertész et al. EJNMMI Physics            (2022) 9:56 

Keywords:  PET, Positron range correction, PRC, Image reconstruction

Background
Positron emission tomography (PET) is based on the detection of photon radiation aris-
ing from the annihilation of positrons originating from the PET tracers with electrons 
within the patient [1]. To obtain a 3D representation of the tracer distribution, image 
reconstruction is necessary. This is done today using iterative reconstruction algorithms 
where the detector signals are estimated from a guess of the tracer distribution using a 
mathematical model of the system (system matrix) and compared to the actual meas-
ured signal in projection space. Standard reconstruction algorithms, such as OSEM, 
typically use simple geometric assumptions to model the system matrix [2]. However, to 
optimize spatial resolution a more realistic model of the system accounting for all physi-
cal processes is needed. A realistic system response is, for example, derived from point 
source measurements [3]. The implementation of such a realistic detector response 
function into the projectors of the iterative image reconstruction process is called reso-
lution recovery or point-spread-function (PSF) correction. The benefit of including PSF 
in the image reconstruction by means of reduced image noise and increased contrast 
was shown by various studies [4–7].

However, besides the imaging systems properties, spatial resolution in PET is further 
limited by positron range (PR), the distance traveled by the positron from the emission 
position to the annihilation position [8, 9]. For the most commonly used PET isotope 
(18F), median PR in soft tissue or water is of the order of 0.4 mm and thus [10] can be 
practically ignored in clinical PET studies. However, positron emitters with high posi-
tron energies such as 68Ga and 124I, which are increasingly applied in the diagnosis of 
prostate cancer [11] or used for therapy planning in patients with thyroid cancer [12], 
respectively, present with average PRs of ~ 10 mm in soft tissues which lead to substan-
tial degradation of spatial resolution and image quality [13].

Positron range effects can be corrected with a similar implementation to the one used 
to incorporate PSF into the image reconstruction algorithm. This is done by adding the 
PR-induced blurring to the forward projector, for example, by convolving the current 
image guess with the PR-based blurring kernels before projecting the current image 
guess into projection space. In addition, the PR blurring has to be taken into account 
in the back-projection step within an iterative reconstruction since the back-projection 
is a transpose operation of the forward projection [14]. The main challenges of PRC are 
deriving adequate PR kernels and extensive computational demand due to the use of 
non-isotropic and non-shift-invariant PR kernels. Monte Carlo simulations are usually 
used for defining the ground truth of tissue-dependent PR kernels [10].

However, due to the computational challenges, PR kernels are generally based on sim-
ply using isotropic PR kernels for different tissue types [15–17]. Only a limited num-
ber of studies used spatially variant and tissue-dependent estimations of PR kernels 
including effects on tissue borders [15, 18]. These studies suggest implementing the PR 
blurring kernels only prior to the forward projection step in standard iterative recon-
structions as an image blur to reduce the computational demand [15, 19]. Only one 
recent study showed the value of using a full implementation of the PRC into an OSEM 
algorithm [14].
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Therefore, our study aimed to evaluate the effect of combined PSF correction and PRC 
within the reconstruction on image contrast and convergence. Further, the influence of 
using simplified PR correction implementation methods limiting computational demand 
in combination with PSF was assessed.

Methods
Positron range kernel calculation

The uniform positron range distribution of 124I was simulated using GATE 9.0 (GEANT4 
10.06.p02). The simulation setup consisted of a point source with a radius of 5 nm cen-
tered in a uniform phantom with a radius of 30  cm. For the phantom material, three 
settings were simulated bone material (mass density 1.92  g/cm3), water (1.00  g/cm3), 
and lung equivalent material (0.26 g/cm3). The predefined “empenelope” physics list was 
used. The initial activity of 124I was 10 MBq and the emission and annihilation coordi-
nates were recorded for 20 M annihilation events. From the recorded data, the 3D PR 
distribution was generated by mapping the distribution to a 3D matrix. The size of the 
kernel (11 × 11 × 11 voxels) was chosen based on the voxel size of the Siemens mCT 
PET/CT system (2 × 2 × 2 mm3) (Siemens Medical Solutions Inc., Knoxville, TN, USA) 
[20] and the maximum PR in water for 124I (~ 10 mm), since the use of larger kernels is 
leading to artifacts [14].

For each voxel of the investigated object, spatially variant and tissue-dependent PR 
kernels based on the underlying material distribution were created as described before 
[14]. In short, the attenuation map was segmented into a material map containing lung, 
soft tissue, and bone. Regions containing air were treated as lung material. Then, for 
every voxel, PR kernels were generated by combining pre-calculated uniform PR kernels 
for lung, water, and bone from GATE Monte Carlo simulations.

Positron range correction implementations

The PR correction was implemented into the vendor-based software in combination 
with OSEM and PSF algorithms as an additional PR-dependent PSF applied in image 
space. This was done as full implementation and, in addition, in a simplified version 
applying the PR-dependent blurring only before the forward projector of the reconstruc-
tion algorithm, as suggested by [19] to reduce computational demand.

The standard OSEM algorithm taken as the basis can be written as:

where fjn+1 is the next image estimate of voxel j based on the current image estimate fkn. 
The measured projection data is mi. The system matrix describing the probability that 
the emission from voxel j will be detected along the line of response (LOR) i is given by 
Aij = (aij)IxJ. Only a subset Sn of the data was used in each update. Of note: for simplifica-
tion, the random and scatter are not included in this description. The system matrix can 
be factorized to account for the finite resolution effects, in our case the positron range 
effect by matrix H = (hj’j)JxJ, a matrix X = (xij)IxJ expressing the intersection length and a 

(1)f n+1
j =

f nj

i′∈Sn ai′j i∈Sn
aij

mi

k aik f
n
k
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matrix W = (wii)IxI describing the photon attenuation and geometrical sensitivity varia-
tions. Thus, the system matrix can be written as:

Combining Eq. (1) and Eq. (2), the OSEM algorithm with PRC correction can be writ-
ten as [14]:

This method is referred to as “PRC” in this work. Since PRC is computationally highly 
expensive, a simplified version of the PRC implementation was suggested in previous 
studies [18, 21], where the PR kernels are applied to the current image estimate as a con-
volution in image space before the forward projection. In this way, Eq. (1) can be written 
as:

where f n
∼

k  is the current image estimate blurred with the spatially variant and tissue-
dependent PR kernel ( ρ ) calculated for the given voxel [19]:

This method is referred to as “PRC simplified” in this study. Both PRC methods (PRC 
and PRC simplified) together with the generated PR kernels were implemented into the 
Siemens e7tools (Siemens Medical Solutions USA, Inc., Knoxville, TN, USA) image 
reconstruction framework using MATLAB R2019a (MathWorks Inc, USA). The image 
reconstructions with both PRC implementations were performed with both OSEM and 
PSF corrected OSEM (PSF): OSEM algorithm with PR implemented in the forward pro-
jection only (OSEM+PRC simplified), OSEM with PRC implemented in both forward- 
and back-projection (OSEM+PRC). The same naming convention was used for PSF 
reconstructions (PSF+PRC simplified and PSF+PRC).

All reconstructions were done with 1–10 iterations and 12 subsets, except the recon-
struction for which PSF was combined with PRC in the back-projection (PSF+PRC). 
In this case, image reconstructions were performed with 1–20 iterations and 12 sub-
sets. The image size was 400 × 400 x 109 voxels, with a voxel size of 2 × 2 × 2 mm3. All 
emission data was corrected for attenuation, normalization, scatter, and randoms. The 
time-of-flight (TOF) information was included and no post-reconstruction filters were 
applied.

Comparison of the PRC implementations

The PRC implementations were tested and compared by means of contrast, noise, and 
convergence properties using the standard “NEMA Image Quality (IQ)” phantom, a 
modified NEMQ IQ phantom with changed hot spheres referred to as “Small-tumor” 
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phantom and a “Bone–lung” phantom. Of note, the NEMA IQ phantom simulates hot 
lesions embedded in soft tissue (water) only (Additional file  1: Fig. S1a). The Small-
tumor phantom is a specially-modified phantom using the housing of the NEMA IQ 
phantom, with fillable spheres with diameters of 3.7, 4.8, 6.5, 7.7, 8.9, and 9.7 mm (Addi-
tional file 1: Fig. S1b). The dedicated Bone–lung phantom simulates hot lesions embed-
ded in lung and bone mimicking material, and thus, allows a comparison of the PRCs in 
a tissue-dependent environment (Additional file 1: Fig. S1c). All phantom acquisitions 
were performed at the University Clinic Essen, Germany, using the Siemens mCT PET/
CT system [20].

NEMA IQ

In the NEMA IQ phantom, all the spheres (diameter of 10, 13, 17, 22, 28, and 37 mm) 
were filled with a 124I activity concentration of 30 kBq/ml, and the background region 
was filled with an activity concentration of 6 kBq/ml. The emission acquisition time was 
60  min. The phantom was positioned with the centers of the spheres in the center of 
FOV. For the evaluation, 12 volume-of-interests (VOIs) were used in the background 
region (each with a diameter of 37 mm) and 6 individual VOIs covering every sphere 
(with the diameter corresponding to the sphere size) (Additional file  1: Fig. S1d). For 
placing the background VOIs, the center of the FOV slice was selected, where all the 
spheres are centered as well. The reconstructed images were evaluated for contrast 
recovery calculated as:

where the mean value in the background was calculated as the mean overall VOIs.
Image noise was defined in percentage following the guidelines of EFOMP [22]:

The convergence of the investigated reconstruction algorithms in combination with 
the various PRC implementations was assessed by plotting the contrast recovery vs. 
noise and how fast contrast recovery and noise is changing with each iteration [14, 23]. 
For a direct comparison of the reconstructed images, the reconstruction settings were 
selected to match a 10% background noise as defined as a clinical acceptable noise level 
as gained from phantom scans [22].

Small‑tumor

The Small-tumor phantom was filled with a 124I activity concentration of 25  kBq/ml 
in the hot lesions and a background activity of 1.2 kBq/ml leading to a signal-to-noise 
ratio of 20:1. The acquisition time was 30 min [7]. The reconstructed images were evalu-
ated for contrast recovery (Eq.  5) and image noise (Eq.  6) by defining 10 VOIs in the 
background region (diameter of 20 mm) and individual VOIs for every sphere (with the 
diameter corresponding to the sphere size) (Additional file 1: Fig. S1e).

(6)Contrast recovery =

MEANsignal

MEANbackground

Activity ratio

(7)Noise =
STDEVbackground

MEANbackground
∗ 100
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Bone–lung

The Bone–lung phantom was composed of 3 different cylinders (each with a diameter 
of 50 mm) made of different materials (lung with -800 HU, bone with 500 HU, and 1000 
HU) that are housed within the standard NEMA IQ phantom [24]. Within every cold 
cylinder, two fillable spheres were inserted, one with a diameter of 8.5 mm and one with 
19.4 mm. The spheres were filled with a 124I activity concentration of 30 kBq/ml and the 
background with 6 kBq/ml. Similar to the NEMA IQ evaluations, 6 background VOIs 
(diameter of 37 mm) and VOIs covering the hot spheres (diameter of 8.5 and 19.4 mm) 
were defined (Additional file  1: Fig. S1f ). The acquisition time was 60  min, and the 
reconstructed images were evaluated for contrast recovery (Eq. 5) and noise (Eq. 6).

Results
NEMA IQ phantom

Substantial differences in convergence, image contrast, and noise properties were 
noticed between the different PRC implementations.

In general, three different convergence patterns were observed that can be described 
as follows: OSEM+PRC simplified had similar convergence as OSEM with higher 
achievable contrast but also noise levels (Fig. 1). In both cases, 2 iterations and 12 sub-
sets resulted in the background noise of approximately 10%.

OSEM+PRC and PSF showed similar convergence, contrast, and noise level with 
improved contrast and noise properties, albeit with a slower enhancement of noise (the 
10% noise level was reached with 8 iterations and 12 subsets) compared to OSEM and 

Fig. 1  Noise versus contrast recovery for the NEMA IQ phantom: (a) 10 mm, (b) 13 mm, (c) 17 mm, (d) 
22 mm, (e) 28 mm and (f) 37 mm spheres filled with 124I and reconstructed with OSEM (1–5 iterations), 
OSEM+PRC simplified (1–3 iterations), OSEM+PRC (1–10 iterations), PSF (1–10 iterations), PSF+PRC simplified 
(1–10 iterations), and PSF+PRC (1–20 iterations). Every point corresponds to one iteration (all reconstructions 
done with 12 subsets). The behavior of the OSEM+PRC is similar to the stand-alone PSF reconstructions. The 
selected number of iterations for the comparison of the images is marked with red
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OSEM+PRC simplified (Fig. 1). PRC in combination with PSF resulted in similar con-
vergence and contract recovery for the full and simplified implementation; however, 
convergence was notably slower by means of gain in contrast per iteration for PSF+PRC 
compared to PSF+PRC simplified (Fig. 1).

The visual inspection of the reconstructed NEMA IQ phantoms is shown in Fig. 2. 
With OSEM+PRC and PSF-PRC simplified, Gibbs artifacts were introduced, which 

Fig. 2  Comparison of the central axial slice of the reconstructed (top) NEMA IQ phantom using: (a) OSEM; 
(b) OSEM+PRC simplified; (c) OSEM+PRC; (d) PSF; (e) PSF+PRC simplified; and (f) PSF+PRC. The images 
with similar noise levels measured in the background are marked with dashed boxes. These noise levels 
were achieved using 2 iterations for OSEM and OSEM+PRC simplified, 8 iterations from OSEM+PRC and 
PSF, 7 iterations for PSF+PSF simplified, and 15 iterations for PSF+PRC. All reconstructions were with 12 
subsets. The OSEM+PRC is producing similar images then the stand-alone PSF; however, more pronounced 
Gibbs artifacts are produced. (bottom) Small-tumor phantom using: (g) OSEM; (h) OSEM+PRC simplified; (i) 
OSEM+PRC; (j) PSF; (k) PSF+PRC simplified, and l) PSF+PRC. The images with similar noise levels measured in 
the background (~ 33%) are marked with dashed boxes. These noise levels were achieved using 2 iterations 
for OSEM and OSEM+PRC simplified, 9 iterations from OSEM+PRC, 8 iterations for PSF, 7 iterations for 
PSF+PSF simplified, and 18 iterations for PSF+PRC All reconstructions were with 12 subsets
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became more pronounced for PSF+PRC (Fig. 3). Regardless of the PRC implementa-
tion, the effect was more pronounced for the smaller spheres (10, 13, and 17 mm).

Table 1 summarizes the lesion contrasts with all PRC implementations for a clini-
cally acceptable image noise of ~ 10%. For subsequent evaluations, those reconstruc-
tion settings were selected that yielded a background noise level of ~ 10% following 
the convergence analyses (Fig. 1).

Small‑tumor phantom

For this phantom, similar convergence patterns were observed as in the case of 
the NEMA IQ phantom (Fig.  4). The effect of PRC was noticeable for hot lesions 
down to 4.8 mm. When comparing images with similar noise levels (~ 33%) (Fig. 2), 
OSEM+PRC improved contrast recovery by 80% and 86% for the 4.8 and 6.5  mm 
spheres, respectively (Table  1), which is also clearly seen visually (Fig.  3b). Table  1 
summarizes the contrasts improvements with all PRC implementations for a compa-
rable image noise level of ~ 33%.

Fig. 3  Comparison of the reconstructed (a) NEMA Image Quality phantom with OSEM (2 iterations and 12 
subsets), OSEM+PRC simplified (2 iterations and 12 subsets), OSEM+PRC (8 iterations and 12 subsets), PSF (8 
iterations and 12 subsets), PSF+PRC simplified (7 iterations and 12 subsets), and PSF+PRC (15 iterations and 
12 subsets) and (b) Small-tumor phantom with OSEM (2 iterations and 12 subsets), OSEM+PRC simplified 
(2 iterations and 12 subsets), OSEM+PRC (9 iterations and 12 subsets), PSF (8 iterations and 12 subsets), 
PSF+PRC simplified (7 iterations and 12 subsets) and PSF+PRC (18 iterations and 12 subsets). For the NEMA 
IQ phantom, the highest differences (%) seen were for the smaller spheres 10, 13, and 17 mm and the edge of 
the phantom
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Table 1  Recovery coefficient for the different image reconstruction and kernel combinations. The 
image reconstruction settings were defined to match the background noise around ~ 10% for the 
NEMA IQ phantom and ~ 33% for the Small-tumor phantom. Relative deviations (%) apply relative to 
the OSEM and for PSF reconstructions

Recovery coefficient (relative difference [%]) Background 
noise [%] (relative 
difference [%])Sphere size 10 mm 13 mm 17 mm 22 mm 28 mm 37 mm

OSEM 0.39 0.50 0.64 0.75 0.77 0.85 9.73

OSEM+PRC 
simplified

0.43 (9.9) 0.56 (11.3) 0.71 (10.8) 0.79 (5.4) 0.82 (4.7) 0.87 (2.4) 10.83 (11.4)

OSEM+PRC 0.53 (36.5) 0.63 (25.0) 0.73 (15.4) 0.81 (8.2) 0.83 (7.8) 0.88 (4.4) 9.35 (−3.8)

PSF 0.56 0.64 0.75 0.83 0.85 0.89 9.32

PSF+PRC simpli‑
fied

0.66 (18.7) 0.74 (15.7) 0.85 (13.4) 0.87 (5.1) 0.89 (5.3) 0.92 (3.6) 9.82 (5.3)

PSF+PRC 0.64 (15.7) 0.72 (12.0) 0.81 (8.2) 0.85 (3.1) 0.88 (3.7) 0.92 (2.8) 9.78 (4.9)

Sphere size 3.7 mm 4.8 mm 6.5 mm 7.7 mm 8.9 mm 9.7 mm

OSEM 0.09 0.16 0.28 0.31 0.36 0.44 32.9

OSEM+PRC simpli‑
fied

0.10 (6.5) 0.20 (23.5) 0.39 (40.0) 0.45 (42.3) 0.49 (35.1) 0.60 (35.4) 37.5 (13.9)

OSEM+PRC 0.15 (71.9) 0.29 (80.4) 0.52 (85.9) 0.54 (73.2) 0.58 (60.8) 0.66 (49.6) 33.5 (1.7)

PSF 0.15 0.27 0.47 0.50 0.54 0.62 32.10

PSF+PRC simplified 0.17 (14.7) 0.34 (27.3) 0.70 (47.6) 0.73 (46.2) 0.76 (41.0) 0.86 (39.8) 33.4 (4.1)

PSF+PRC 0.20 (36.6) 0.36 (35.1) 0.70 (48.2) 0.75 (49.0) 0.79 (45.3) 0.87 (41.1) 33.9 (5.6)

Fig. 4  Noise vs. contrast recovery for the Small-tumor phantom (a) 3.7 mm, (b) 4.8 mm, (c) 6.5 mm, (d) 
7.7 mm, (e) 8.9 mm, 9.7 mm spheres filled with 124I and reconstructed with OSEM (1–5 iterations), OSEM+PRC 
simplified (1–3 iterations), OSEM+PRC (1–10 iterations), PSF (1–10 iterations), PSF+PRC simplified (1–10 
iterations), and PSF+PRC (1–20 iterations). Every point corresponds to one iteration (all reconstructions 
done with 12 subsets). The behavior of the OSEM+PRC is similar to the stand-alone PSF reconstructions. The 
selected number of iterations for the comparison of the images are marked with red
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Bone–lung phantom

The convergence of the reconstructions was highly affected by the surrounding medium. 
Within the bone inserts, almost no change in contrast improvement was achieved for 
either the small or big spheres with the OSEM+PRC simplified (Fig.  5). The conver-
gence was similar for OSEM+PRC, PSF, and PSF+PRC reconstructions. Within the 
lung medium, the effect of PRC was clearly visible with substantially improved con-
trasts (Table 2). The OSEM+PRC simplified showed similar convergence as OSEM with 
a substantially higher contrast recovery. The trend was similar with OSEM+PRC and 
PSF reconstruction with reduced image noise. PSF+PRC simplified and PSF+PRC had 

Fig. 5  Contrast recovery vs. noise calculated for the small sphere (8.5 mm) in (a) lung, (b) bone (500 HU), 
(c) bone (1000 HU) and for the large sphere (19.4 mm) in (d) lung, (e) bone (500 HU), (f) bone (1000 HU) 
reconstructed with PRC methods in combination with OSEM and PSF. The changes are most pronounced 
within the lung insert

Table 2  Contrast recovery for every reconstruction method and kernel variation using the 
Bone–lung phantom.  Relative deviations (%) in relation to the standard OSEM and for the PSF 
reconstructions

Sphere size 8.5 mm 19.4 mm

Material Lung Bone Bone Lung Bone Bone

(−800 HU) (500 HU) (1000 HU) (−800 HU) (500 HU) (1000 HU)

OSEM 0.20 0.18 0.17 0.60 0.59 0.59

OSEM+PRC simplified 0.25 (29.4) 0.18 (1.6) 0.16 (−1.7) 0.77 (29.0) 0.60 (1.7) 0.58 (−1.4)

OSEM+PRC 0.57 (190.5) 0.33 (88.7) 0.36 (114.7) 0.85 (41.9) 0.70 (18.4) 0.68 (15.7)

PSF 0.43 0.38 0.35 0.72 0.74 0.75

PSF+PRC simplified 0.66 (52.8) 0.36 (−5.8) 0.31 (−12.3) 0.94 (30.1) 0.74 (0.4) 0.72 (−3.6)

PSF+PRC 0.79 (83.8) 0.47 (23.0) 0.52 (48.5) 0.94 (30.3) 0.78 (5.2) 0.76 (1.1)
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almost identical convergence, with the simplified implementation leading to conver-
gence substantially faster. The effect of PRC within the lung medium is also clearly vis-
ible on the difference images shown in Fig. 6. Table 2 summarizes the contrast recoveries 
for all reconstruction and PRC combinations at comparable image noise (~ 10%).

Discussion
In this paper, different PRC implementation methods in combination with PSF image 
reconstruction were evaluated for PET imaging using 124I. The implementation of the 
PR-dependent blurring into the PET image reconstruction was done for the OSEM algo-
rithm and for a PSF corrected OSEM as full and simplified implementation [14]. Both 
PRC implementations, simplified and full implementation, lead to increased contrast 
recovery compared to standard OSEM. However, the full implementations also led to 
a slower convergence of the algorithm although with higher achievable contrasts com-
pared to with PRC simplified. The simplified implementation demonstrated a faster con-
vergence although with substantially higher noise levels (Fig. 1). The reason for the faster 
convergence and the increased noise levels are expected due to result from the strong 
mismatch of the forward and backward projectors [3].

The image reconstruction with OSEM+PRC showed a similar convergence to the PSF 
reconstruction (Fig. 1). This can be explained by the similarity of the full implementation 
of the PRC and the vendor-based PSF image reconstructions [3].

When adding the PRC to the PSF reconstruction, the image contrast recovery was 
almost identical for the full and the simplified PRC implementation. This observation 
may be explained by the higher similarity of the forward and backward projector in the 
case of the combination of the PRC with PSF. This observation is also strengthened by 
the results for the OSEM-PRC simplified, which indicates that the mismatch of forward 

Fig. 6  Comparison of the reconstructed Bone–lung phantom with (a) OSEM and (b) PSF the central slices 
are shown through the small (8.5 mm) and (b) the central slices are shown through large (19.4 mm) spheres. 
The recovery is slightly overestimated for the 8.5 mm sphere within the lung medium. The black dashed lines 
represent the activity concentrations in the hot spheres and background
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and backward projector substantially influences the noise propagation within iterative 
PRC implementations (Figs. 2 and 3).

The effect of PRC was the most pronounced within low-density materials, such as 
lung, where the reconstructions with PRC outperformed the standard reconstructions 
(Fig. 4). In this case, also OSEM+PRC was leading to higher contrast recovery compared 
to PSF (Fig.  5). On the other hand, within the bone medium, relatively small changes 
were seen for PRC-based reconstructions. This was expected due to the high positron 
range of 124I within the lung (max. 30 mm) and short PR in bone. Gibbs artifacts well 
known from PSF reconstructions were also present in the PRC reconstructions and 
more prominent when PSF and PRC were combined (Figs. 3 and 6). As shown in Fig. 6 
in the line profile through the small spheres, a slight overestimation can be caused by the 
Gibbs artifacts. The effect is more visible in the edges of the bigger spheres. However, 
such Gibbs artifacts as known from PSF are mainly occurring at sharp activity concen-
tration borders as present in phantom studies and are expected to be less pronounced in 
patients. Further, as shown for PSF reconstructions, such artifacts can be handled using 
post-reconstruction filters or by applying regularization methods [25, 26].

Limitation
The composition of the spatially variant and tissue-dependent kernels does not take into 
account the positron energy loss, in particular when a positron is emitted from a higher 
density material. The solution for these limitations would require a more complex PR 
such as based on direct MC simulations; however, due to an extensive number of kernels 
that have to be computed during the image reconstruction process, the full PRC applica-
tion is still a challenge especially with the aim of clinical application.

The data acquisition of the NEMA IQ phantom was 60  min.  For obtaining simi-
lar count statistic as for a standard 15 min NEMA IQ scan with 18F given the reduced 
branching ratio for positrons in 124I. In the clinical scenario, the reconstruction settings 
may have to be adjusted to account for the reduced count statistics due to the shorter 
acquisition times.

The evaluated PRC methods are based on the same basic methodology of calculating 
the spatially variant and tissue-dependent kernels, by analyzing the underlying material 
composition from the AC maps [14]. Thus, the errors in the attenuation map directly 
translate into artifacts caused by the PRC. This holds also true in the case of PET/MRI, 
were artifacts in MR-based AC might occur more frequent that for PET/CT. Further-
more, when applying the evaluated methods for the PET/MRI, the effect of the magnetic 
field on the PR has to be carefully considered [15, 27].

Conclusion
Combining PSF and PRC notably increases achievable contrast compared to PSF or PRC 
alone in 124I PET and appears to be preferred for formal correctness, contrast recov-
ery, and noise level. Our study showed that the use of a simplified PRC implementa-
tion applying the PR-based blurring exclusively to the forward projector within an 
OSEM algorithm, resulted in a seriously increase in image noise compared to the full 
implementation of PRC in both, forward- and back-projection. However, a simplified 
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implementation of PRC in the forward projector appears acceptable, when combined 
with a PSF correction.
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