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Abstract This study was to assess quantitatively the

accuracy of 18F-FDG PET/CT images reconstructed by

TOF ? PSF and TOF only, considering the noise-matching

concept to minimize probable bias in evaluating algorithm

performance caused by noise. PET images of similar noise

level were considered. Measurements were made on an in-

house phantom with hot inserts of U10–37 mm, and

oncological images of 14 patients were analyzed. The PET

images were reconstructed using the OSEM, OSEM ?

TOF and OSEM ? TOF ? PSF algorithms. Optimal

reconstruction parameters including iteration, subset, and

FWHM of post-smoothing filter were chosen for both the

phantom and patient data. In terms of quantitative accu-

racy, the recovery coefficient (RC) was calculated for the

phantom PET images. The signal-to-noise ratio (SNR),

lesion-to-background ratio (LBR), and SUVmax were

evaluated from the phantom and clinical data. The smallest

hot insert (U10 mm) with 2:1 activity concentration ratio

could be detected in the PET image reconstructed using the

TOF and TOF ? PSF algorithms, but not the OSEM

algorithm. The relative difference for SNR between the

TOF ? PSF and OSEM showed significantly higher values

for smaller sizes, while SNR change was smaller for

U22–37 mm inserts both 2:1 and 4:1 activity concentration

ratio. In the clinical study, SNR gains were 1.6 ± 0.53 and

2.7 ± 0.74 for the TOF and TOF ? PSF, while the relative

difference of contrast was 17 ± 1.05 and 41.5 ± 1.85% for

the TOF only and TOF ? PSF, respectively. The impact of

TOF ? PSF is more significant than that of TOF recon-

struction, in smaller inserts with low activity concentration

ratio. In the clinical PET/CT images, the use of the

TOF ? PSF algorithm resulted in better SNR and contrast

for lesions, and the highest SUVmax was also seen for

images reconstructed with the TOF ? PSF algorithm.

Keywords Time of flight (TOF) � Point spread function

(PSF) � Lesion detectability � PET � Quantification � Image

reconstruction � SUV

1 Introduction

PET/CT imaging using 18F-fluorodeoxyglucose (FDG)

is widely used in oncology for diagnosis, staging, restaging

of disease and patient management. Image quality of FDG

PET is important for accurate cancer diagnosis and

assessing response to therapy [1–3]. PET/CT images can be

assessed quantitatively by the use of parameters of the

signal-to-noise ratio (SNR) and lesion-to-background ratio

(LBR), and semiquantitative parameters of recovery coef-

ficient and standard uptake value [4]. Maximum
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standardized uptake value (SUVmax) is commonly used in

clinical studies to evaluate malignant lesions [5].

Studies show that reconstruction parameters can affect

significantly the quantitative analysis [6–9]. Due to advent

of new fast scintillators, electronic improvements, emer-

gence of cheaper computing power, and the reconstruction

methods, today time of flight (TOF) and point spread

function (PSF) are implemented in clinical PET image

reconstruction, with improved image quality [10–16]. PSF

improves the spatial resolution, minimizes the partial vol-

ume effect, and increases SNR in PET images [11, 17].

Lesion detectability and SNR can be increased by incor-

porating the TOF method [18–23]. Further improvement in

PET/CT image quality can be made by combining the TOF

and PSF algorithms in the reconstruction process

[6, 19, 24–28]. Using PSF ? TOF algorithm, lesion

detectability and SUV of lymph nodes can be better shown

than using conventional OSEM (ordered subset expecta-

tion–maximization) algorithm in PET/CT images [29, 30].

Recently, Prieto et al. [29] demonstrated that incorporation

of the PSF with TOF was an optimal method for quan-

tification of small lesion.

Accurate quantitative analysis is essential for therapy

monitoring. On basis of our previous study and the noise-

matching concept, the TOF and TOF ? PSF are compared

with the OSEM algorithm using a phantom with hot inserts

of U10–37 mm and activity concentration ratios of 2:1 and

4:1 [16, 31]. Clinical PET/CT images were evaluated

quantitatively and qualitatively.

2 Experimental section

2.1 Phantom study

PET/CT images were evaluated by a phantom created

in-house, having six fillable cylindrical inserts in diameters

of 10, 13, 17, 22, 28, and 37 mm, and a lung insert, placed

in a body compartment. The body compartment is similar

to NEMA image quality phantom, with the same shape and

dimensions. The body phantom was filled with an 18F-FDG

solution of 5.3 kBq/mL activity concentration that was

equivalent to liver uptake of a 70 kg patient received

370 MBq intravenous 18F-FDG [32]. All inserts were filled

with 2:1 and 4:1 activity concentration ratios, to compare

with background activity concentration of 18F-FDG solu-

tion separately.

2.2 Patient study

A retrospective analysis was made for 14 oncological

patients (8 men and 6 women) who had undergone 18F-

FDG PET/CT examination. The clinical indications for the

patients were the evaluation of lung cancer (n = 4), colon

cancer (n = 3), breast cancer (n = 3), renal cell carcinoma

(n = 2), and gastric cancer (n = 2). Patients with liver

lesions or with a fasting blood sugar level higher than

150 mg/dL were excluded in our investigation. All patients

fasted 6–8 h before the PET/CT examination. The patients

weighed in average 78.5 ± 3.8 kg (65–90 kg) and received

an intravenous injection of 320.2 ± 19.3 MBq of 18F-FDG

(279–406 MBq) according to EANM (European Associa-

tion of Nuclear Medicine) guidelines [33]. The PET/CT

scan was obtained 61.1 ± 1.7 min post-injection.

2.3 Data acquisition and reconstruction parameters

In this study, we used a Discovery 690 VCT (GE

Healthcare, Milwaukee, USA) with lutetium-yttrium oxy-

orthosilicate (LYSO) crystal combined with a 64-slice CT

scanner. The PET scanner has a timing resolution of 555 ps

with a 4.9-ns coincidence time window. It consists of 24

rings and a total of 13824 LYSO crystals, each being sized

at 4.2 mm 9 6.2 mm 9 25 mm. The PET scanner covers

15.7 cm axial field of view and trans-axial field of view

(FOV) is 70 cm in diameter. After performing a CT

topogram, the CT images acquired using smart mA tech-

nique depending on body habitus from vertex to mid-thigh

with tube voltage of 100–120 kVp (depending on patient

size), pitch of 0.98:1, 1-s gantry rotation time, and 3.75-

mm slice thickness.

The PET images were acquired in list mode with 3 min

per bed position. All images reconstructed with the OSEM

(commercially termed as VUE.HD), OSEM ? TOF (TOF,

commercially VUE.FX), and OSEM ? TOF ? PSF

(TOF ? PSF, manufactured standard full name as Sharp-

IR) algorithms, with image matrix of 256 9 256 (pixel

size, 2.73 mm) [34, 35]. Based on our previous study and

the noise-matching concept [27, 31], reconstruction

parameters were chosen for the clinical and phantom

studies. In other words, reconstruction parameters of iter-

ation, subset, and FWHM of post-smoothing filter were

chosen to achieve noise level (defined as coefficient of

variance) lower than 10% for both phantom and clinical

images. In the phantom study, reconstruction parameters

were 2 iterations and 24 subsets for reconstructions with

the TOF and TOF ? PSF method and 3 iterations and 24

subsets for the OSEM method. Full width at half maximum

(FWHM) of Gaussian filter was 6, 5.5, and 4 mm for the

OSEM, TOF, and TOF ? PSF algorithms, respectively.

Clinical PET images were reconstructed with 2 iterations

and 18 subsets for the TOF method and 3 iterations and 18

subsets for the OSEM algorithm. FWHM of applied

Gaussian filters was 6.4, 5.5, and 4 mm for the OSEM,

TOF, and TOF ? PSF algorithms, respectively. The noise

level for all phantom images was 8.5 ± 0.3%, and all
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clinical PET images had the noise level of 7.78 ± 0.5%,

regardless of reconstruction method used.

2.4 Assessment strategy

For evaluation of image quality and quantitative analysis

for PET/CT images in the phantom and clinical studies, the

coefficient of variation (COV) was calculated based on the

noise-matching concept [27]. For the phantom images, 12

circular ROIs (region of interest) were drawn on central

slices and ± 2 slices away, resulting a total of 60 ROIs in

the background (Uniform area) [36]. For clinical PET

images, liver due to uniform uptake was considered as

background and the COV was measured by drawing 3

spherical VOIs (U37 mm) on the 3 axial slices in the lar-

gest and uniform liver section (9 VOIs) that did not cover

the porta-hepatis and any of the major vessels in the liver

[33].

COV was defined as the mean average activity con-

centration to the standard deviation of all drawn ROIs for

the phantom and clinical images. SNR, lesion-to-back-

ground ratio (LBR), and SUVmax were evaluated. SNR

was measured as the ratio of the maximum value of tracer

activity concentration within a drawn VOI involving the

lesion minus the mean activity concentration in back-

ground over the SD in the background, and LBR was

calculated as the ratio of the maximum value of a VOI

involving the lesion over the mean value in the back-

ground. For the image quality phantom with 2:1 and 4:1

activity concentration ratios, the accuracy of measured

activity concentration was determined as the recovery

coefficient (RC) for all the hot inserts. RC was defined as

the ratio of observed activity concentration at 50% of 3D

isocontour to true activity concentration, multiplied by 100.

In clinical data, based on guidelines recommendation,

lesion size was estimated by drawing a 3D isocontour at

50% maximum voxel values over a lesion in the images

reconstructed with the OSEM algorithm [33]. For TOF and

TOF ? PSF, relative changes in SNR with respect to the

OSEM method were calculated by: DSNR =

[(SNR - SNROSEM)/SNROSEM] 9 100%, where SNR is

the calculated SNR of the TOF or TOF ? PSF images, and

SNROSEM is the measured SNR for images reconstructed

with the OSEM algorithm. Relative changes were calcu-

lated, too, for other quantitative parameters including

SUVmax and contrast in the TOF and TOF ? PSF method

compared to the OSEM algorithm. SNR gain, defined as

the ratio of lesion SNR in images reconstructed with the

TOF or TOF ? PSF method to the corresponding SNR in

the OSEM images, was calculated for clinical images.

Relative difference of RC was evaluated with regard to

insert of U10–37 mm in both activity concentration ratios.

The different methods were compared by box and whisker

plot, Bland–Altman plots (using a 95% confidence inter-

val), and linear regression analysis. Quantitative analysis

was done by two expert radiologist and nuclear medicine

physicians.

2.5 Statistical analysis

Normal distribution of each variable was evaluated by

Shapiro–Wilk analysis. Most of variables rejected normal

distribution which guaranteed using parametric analysis.

All quantitative parameters were evaluated by nonpara-

metric tests. In addition, Spearman’s correlation coefficient

was used for pairwise comparison. Significance level

within 95% confidence interval was defined as 0.05 for all

comparisons. Statistical analysis was done by SPSS pack-

age (SPSS, version 22.0, Armonk, NY).

3 Results

Reconstructed images of the phantom with 2:1 and 4:1

activity concentration ratios and background activity con-

centration of 5.3 kBq/mL are shown in Fig. 1. Comparing

with HD images, quality of the TOF and TOF ? PSF

algorithm was improved obviously for both activity con-

centration ratios, especially images reconstructed with the

TOF ? PSF method. At activity concentration ratio of 2:1,

the 10-mm hot insert is visible in the TOF and TOF ? PSF

images, but not in the HD image.

Table 1 shows the recovery coefficients at LBR = 2:1

and 4:1 for images of the phantom inserts of U10–37 mm,

reconstructed with the three methods. In general, RC

increased with insert diameter for all algorithms and

activity concentration ratios, and the greatest values were

achieved by the TOF ? PSF algorithm. At LBR = 4:1, the

relative difference between the TOF ? PSF and OSEM

method was 23.2% at U13 mm, and 8.2% at U37 mm.

Fig. 1 PET images of phantoms reconstructed with the algorithms at

5.3 kBq/mL background activity concentration and LBR = 2:1

(a) and 4:1 (b)
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SNR increased with insert diameter, too, for all recon-

struction methods and activity concentration ratios

(Fig. 2a), while the relative difference of SNR, between the

TOF ? PSF and OSEM, decreased with increasing diam-

eters, for both activity concentration ratios. Figure 2b

shows the SUVmax for each hot insert reconstructed with

the algorithms for LBR = 4:1 and 2:1.

The difference for SNR and SUVmax was measured for

the inserts (Table 2). Due to the performance of the PSF

algorithm in partial volume effect correction specially in

small lesions in parallel with signal enhancement by the

TOF algorithm, there were significant SNR improvements

for hot inserts of U10–17 mm, using the TOF ? PSF

method for both activity concentration ratios. Also, in

Fig. 2b, the expected values of percentage of SUVmax

difference (4 and 2) show that SUVmax was overestimated

for all inserts except U10 mm for all the reconstruction

methods.

Line profile of the hot inserts is shown in Fig. 3 The line

profiles indicate that implementing the PSF and TOF

algorithms within reconstruction steps creates a

notable steep in the center of 37- and 22-mm cylindrical

hot inserts, which is a result of signal enhancement in the

edges due to Gibbs effect. In the line profile of the U37-

mm insert reconstructed with TOF ? PSF algorithm, the

maximum activity concentration was 23.8 kBq/mL, corre-

sponding to the edge of insert, while the minimum voxel

value was in the center of insert (19.7 kBq/mL). So a rise

of 21% was observed in the edge of the hot insert voxel

values when using TOF ? PSF algorithm. For smaller

inserts, the Gibbs effect was seen as a peak in the center of

the line profiles for the inserts of U10 mm and U17 mm.

The line profile of the hot insert of U10 mm in the maxi-

mum values for the TOF ? PSF method was about 30%

higher than that of the OSEM algorithm.

Statistical analysis indicated that the median value of the

relative difference of SNR was 107.1% (p\ 0.001) for the

Table 1 Recovery coefficient

(RC) and relative difference of

RC for TOF and TOF ? PSF

compared to OSEM algorithm

Phantom diameter (mm) RC% DRC%

HD TOF ? PSF TOF TOF TOF ? PSF

2:1 4:1 2:1 4:1 2:1 4:1 2:1 4:1 2:1 4:1

10 ND 50.9 70.6 51.6 71.6 60.1 NM 1.4 NM 18.0

13 83.1 59.9 84.5 62.1 87.7 73.8 1.7 3.7 5.6 23.2

17 90.5 66.7 91.4 69.9 100.3 80.3 1.0 4.9 10.8 20.4

22 99.2 73.0 98.6 75.5 105.9 83.2 - 0.7 3.4 6.7 14.0

28 104.1 76.2 102.6 79.6 109.4 85.3 - 1.4 4.4 5.1 11.9

37 108.9 82.2 110.4 83.2 115.9 89.0 1.4 1.2 6.5 8.2

ND not detected; NM not measured

Fig. 2 SNR (a) and SUVmax (b) of the six inserts of image quality phantom for a LBR of 4:1 and 2:1
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TOF-to-OSEM methods and 28.8% (p\ 0.001) for the

TOF ? PSF-to-OSEM methods. SNR gain was 1.6 ± 0.53

(p\ 0.001) for the TOF-to-OSEM methods and

2.7 ± 0.74 (p\ 0.001) for the TOF ? PSF-to-OSEM

methods.

Figure 4 shows the relative difference of lesion contrasts

for the TOF and TOF ? PSF algorithms, in comparison

with the OSEM algorithm, as a function of lesion size. The

effects of TOF and TOF ? PSF algorithms were more

significant for smaller lesions. To assess percentage chan-

ges in the contrast on lesion size, Spearman’s correlation

coefficient (SCC) was calculated for the TOF and

TOF ? PSF algorithms. The SCC for contrast changes

with respect to lesion size was weak (q = - 0.32,

p = 0.008) for TOF images, and moderate (q = - 0.54,

p\ 0.0001) for TOF ? PSF images. The relative

difference of contrast was 17 ± 1.05% (p\ 0.0001) for

the TOF-to-OSEM methods and 41.5 ± 1.85%

(p\ 0.0001) for the TOF ? PSF-to-OSEM methods.

The agreement between SUVmax of the OSEM algo-

rithm and images reconstructed with the TOF and

TOF ? PSF methods was evaluated by Bland–Altman

analysis (Fig. 5). SUVmax for the TOF ? PSF-to-OSEM

methods (mean = 39.6%) was of higher bias than the TOF

method (mean = 16.2%).

The impact of using various reconstruction methods for

typical patient with gastric cancer is shown in Fig. 6. It is

obvious that the TOF ? PSF and TOF can generate higher

SUVmax than the OSEM method, especially in small

metastatic bone lesions.

4 Discussion

Image quality of the OSEM ? TOF ? PSF

(TOF ? PSF), OSEM ? TOF (TOF), and OSEM algo-

rithms in the new generation PET/CT scanner has been

assessed quantitatively. Based on matched voxel noise

Table 2 DSNR for TOF and

TOF ? PSF images of the

inserts, at activity concentration

background of 5.3 kBq/mL, and

DSUVmax compared to OSEM

Phantom diameter (mm) DSNR% DSUVmax%

TOF TOF ? PSF OSEM TOF TOF ? PSF

2:1 4:1 2:1 4:1 2:1 4:1 2:1 4:1 2:1 4:1

10 NM 1.3 NM 27.9 NM - 3 - 6.3 - 7.4 - 8.5 - 0.9

13 15.3 7.1 25.4 39.3 5 8.5 7.6 7.4 7.3 23.1

17 3.6 6.3 32.3 25.9 31.2 25.8 26.5 22.3 32.1 35.7

22 5.0 8.9 20.3 17.3 36.9 26.6 33.8 31.3 40.5 41.4

28 1.2 14.0 16.9 19.6 51.1 26.8 38.7 29.5 45.1 36.5

37 4.2 3.3 15.6 12.8 51.3 42.1 47.3 38.5 49.7 46.6

NM not measured

Fig. 3 Line profiles through cylindrical inserts of U10–37 mm for a

LBR = 4:1

Fig. 4 Contrast changes of the detected lesions, as a function of

lesion size, in PET images reconstructed with TOF and TOF ? PSF

method
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concept and our previous study (noise level below 10%)

[27, 31], optimal reconstruction parameters (the number of

iteration, subset, and FWHM of post-smoothing filter) were

used in the phantom and clinical data. The noise level was

8.5 ± 0.3% for phantom images and 7.78 ± 0.5% for

clinical data. The phantom study showed that applying the

TOF algorithm can improve the image quality significantly

for low uptake lesions, especially in small ones. This is in

line with other studies [13, 37]. The TOF and PSF ?TOF

algorithms can improve lesion detectability for 10 mm hot

insert at LBR = 2:1 by RC = 70.6 and 71.6%,

respectively.

The TOF ? PSF method enhances the recovery coeffi-

cient of activity concentration, with improved spatial res-

olution and signal improvement in all phantom images. In

general, at the same noise level, the highest RC is observed

for the TOF ? PSF method, followed by the TOF and

OSEM method. The PSF ? TOF reconstruction has the

highest SNR too, for all insert diameters and activity

concentration ratios; however, the SNR gain is smaller for

U22–37 mm inserts, and higher SNRs are observed for

higher LBR. It was reported that TOF SNR was 1.4 times

higher than that of non-TOF images in patient study [18].

The TOF, and the TOF ? PSF especially, can improve

contrast and detectability of lesions, particularly small ones

(\ 2.20 cm3).

Our phantom results verify high overestimation in

SUVmax quantification even up to 49% for LBR = 4:1 and

2:1. Also, the PSF ? TOF and TOF can increase of

SUVmax in clinical PET/CT images. This is in line with

previous studies [6, 25]. Previous studies also demonstrated

that, the PSF modeling by creating Gibbs artifact in parallel

with partial volume effect correction contributed to the

increase of SUVmax [38–41]. Thus, the SUVmax enhance-

ment is greater using TOF ? PSF. G. Akmatsu et al.

reported that no significant difference was found between

SUVmax of the conventional OSEM algorithm and TOF

reconstruction for lymph node metastases [30]. The lack of

statistical significance between the OSEM and TOF algo-

rithm is probably due to selections of the reconstruction

parameters including iteration, subset, and filter for both

algorithms. In the other word, the reconstruction parame-

ters for conventional algorithm can cause more noise level

than to TOF images, and the presence of more noise in

Fig. 5 Bland–Altman plot comparing the measured SUVmax differences of the TOF-to-OSEM (a) and TOF ? PSF-to-OSEM (b)

Fig. 6 Fused PET/CT images (a), PET images of a patient with gastric cancer reconstructed with the OSEM (b), TOF (c), and TOF ? PSF

method (d). Body weight: 88 kg, height: 175 cm, and injected dose: 414.4 MBq of 18F-FDG
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conventional images increased the measured SUVmax in

that study resulting the contradiction.

It is shown that the new advanced algorithms can

improve image quality and lesion detectability. Quantifi-

cation by SUV for determining lesion features highly

depends on reconstruction algorithm, which should be

considered for making clinical decision and diagnosis. Our

investigation had some limitations. As BMI of the patients

was smaller than 27 kg/m2, heavy and obese patients were

not evaluated in this study.

5 Conclusion

The TOF algorithm has the capability of providing

better clinical image quality and detectability especially for

small lesion with low uptake. At the same noise level, the

combination of the PSF modeling with the TOF can give an

improved image quality, due to improved SNR and contrast

in PET images. The highest SUVmax was observed when

implementing the TOF ? PSF algorithm. It is also shown

that the influence on image quality of using the

TOF ? PSF versus the TOF is more significant in small

lesions with low uptake of 18F-FDG. However, this influ-

ence decreased for larger lesions. In terms of quantification

it is also shown that these algorithms affect the accuracy of

measured SUVmax which can influence clinical decisions,

and affect the assessment of response to therapy.
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