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Abstract

Objective The aim of this study was to evaluate the effect

of the point spread function (PSF) and time of flight (TOF)

on PET/CT images of overweight patients in relation to the

iteration number and the acquisition time.

Methods This study consisted of a phantom study and a

clinical study. The NEMA IEC body phantom and a 40 cm

diameter large phantom (LG phantom) simulating an over-

weight patient were used in this study. Both phantoms were

filled with 18F solution with a sphere to background ratio of

4:1. The PET data were reconstructed with the baseline

ordered-subsets expectation maximization (OSEM) algo-

rithm, with the OSEM ? PSF model, with the OSEM ?

TOF model and with the OSEM ? PSF ? TOF model. The

clinical study was a retrospective analysis of 66 patients who

underwent 18F-FDG PET/CT. The image quality was eval-

uated using the background variability (coefficient of vari-

ance, CVphantom and CVliver) and the contrast (CONTHOT and

SNR).

Results In phantom study, the CVphantom of the LG

phantom was higher than that of the NEMA phantom. The

PSF decreased the CVphantom of the LG phantom to the

NEMA phantom level. The TOF information accelerated

the CVphantom plateau earlier. The best relationship between

the CVphantom and the CONTHOT was observed for the

OSEM ? PSF ? TOF. In clinical study, the combination

of PSF and TOF decreased the CVliver for overweight

patients to that for normal weight patients while it increased

the SNR similarly between two patient groups.

Conclusion The combination of the PSF and TOF cor-

rection improved the image quality of the LG phantom and

overweight patients.

Keywords Point-spread-function � Time-of-flight � PET/

CT � Image quality � Overweight

Introduction

18F-fluoro 2-deoxy-D-glucose (FDG) positron emission

tomography (PET) is useful for diagnosis, tumor staging,

monitoring of response to therapy and for prediction of

prognosis in a variety of tumors [1–3]. The image quality of

PET/CT images is important to correctly diagnose cancer

[4]. However, the PET image quality of overweight patients

is often poor resulting in increased image noise because of

the increase in photon attenuation and the scatter fraction [5].

Such images are sometimes difficult to be diagnosed with

lower confidence of the reader [6]. For improving the image

quality in such patients, either an increase of the injected

dose of radiopharmaceuticals or an elongation of acquisition

times is generally considered to be important. However, the

increase of the injected dose of FDG is difficult in some

institutions when the commercially distributed FDG is used.

Therefore, the acquisition time has been reported to be an

especially important parameter [6, 7]. However, the
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extension of the acquisition time is burden for patients and is

also inefficient for institutions.

Recently, the point spread function (PSF) correction and

time of flight (TOF) information were incorporated into the

reconstruction algorithm [8]. The PSF information mea-

sured in a large number of positions in the field of view

(FOV) is incorporated into reconstructed algorithms.

Therefore, the PSF correction is expected to improve the

spatial resolution and to reduce distortions [9]. On the other

hand, the TOF includes the time information to correctly

recognize the localization of annihilation points along the

line-of-responses (LORs). Therefore, TOF information is

considered to reduce the noise and to improve the contrast

[10, 11]. Thus, both the PSF and TOF information are

expected to improve the image quality for overweight

patients. The usefulness of TOF information on improving

an image quality of overweight patients have been exam-

ined using large diameter phantoms [12, 13]. TOF infor-

mation was also reported on bringing the image quality of

overweight patients closer to that of normal weight patients

in a clinical study [12–14]. By using a combination of the

PSF and TOF information, we have already reported an

improvement of image quality in patients with high body

mass index clinically [15, 16]. However, few reports have

examined the effect of combined PSF and TOF information

in a combined phantom and clinical examination in relation

to the body weight.

The aim of this study was to investigate the effects of the

PSF and TOF on PET/CT images using an originally

designed large body phantom simulating overweight

patients and actual overweight patients in the clinical setting.

Materials and methods

Phantoms

A National Electrical Manufacturers Association (NEMA)

International Electrotechnical Commission (IEC) body

phantom (NEMA phantom) and a 40 cm diameter large

phantom (LG phantom) were used in this study. The length

of major axis of the NEMA phantom was 30 cm. The inner

diameter of the hot spheres was from 10 to 37 mm (10, 13,

17, 22, 28 and 37 mm).

The LG phantom was originally designed for this study

(Chiyoda Technol, Tokyo, Japan and YAMATO Jushi Inc,

Tokyo, Japan) (Fig. 1). The diameters of the outer and

inner layers were 40 and 34 cm, respectively. The thick-

ness of the outer layer was 2 cm. The circumference was

126 cm, which is compatible to the waist of patients sim-

ulating about a 100 kg body weight person [17].

The LG phantom with NEMA phantom simulated an

overweight subject where the LG phantom for soft tissue,

background of NEMA phantom for liver and hot spheres in

NEMA phantom for lesions. The radioactivity in each

compartment was 2.65, 7.95 and 31.8 kBq/mL, respec-

tively (proportion, 1:3:12).

Patients

Sixty-six patients were retrospectively analyzed, consisting

of 36 males and 30 females. The mean age was

62.3 ± 13.1 years (range 34–85 years). The clinical indi-

cation for the FDG PET/CT examination of these patients

were the evaluation of lung cancer (n = 11), general can-

cer screening (n = 9), thyroid cancer (n = 8), malignant

lymphoma (n = 8), colorectal cancer (n = 7), head and

neck cancer (n = 6), gastric cancer (n = 3), cervical can-

cer (n = 2), breast cancer (n = 2), esophageal carcinoma

(n = 2), malignant mesothelioma (n = 1), glioblastoma

(n = 1), lung metastasis (n = 1), pneumonia (n = 1),

cholangiocarcinoma (n = 1), melanoma (n = 1), pancre-

atic cancer (n = 1) and unknown primary cancer (n = 1).

The mean body weight was 59.9 ± 13.5 kg (range

35–103 kg). The patients were classified into 2 groups

based on their weight; normal weight, \70 kg (n = 48,

average 53.5 ± 8.35 kg) and overweight, C70 kg (n = 18,

average 77.0 ± 8.56 kg).

In 40 lesions in 24 patients, histopathologically con-

firmed malignant lesions were analyzed for the contrast of

tumor FDG uptake. Twenty-eight lesions were in 18

patients with normal weight group and 12 lesions in 6

patients with overweight group. The long axis diameter of

lesions was 10.7 ± 0.5 mm (range 5.8–30.0 mm).

Fig. 1 The LG phantom loaded

with the NEMA phantom. The

blueprint of the LG phantom

viewed from top and from the

left side (a), and a photograph of

the phantom (b)
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This clinical study was approved by the ethics com-

mittee of our institution. This study was retrospective in

nature, and its results did not influence any further thera-

peutic decision-making.

PET/CT protocol

All data were acquired using the Biograph mCT scanner

(Siemens Healthcare, Erlangen, Germany). The system

timing resolution was 555 ps and the coincidence timing

window was 4.1 ns. The crystal was combined lutetium

oxyorthosilicate (LSO) detectors (4 9 4 9 20 mm3). The

number of blocks per detector ring was 48 and the total

number of blocks was 144. The system sensitivity was

5.4 cps/kBq [18]. Scanning parameters for CT were as fol-

lows: 120 kV, 100 mA, 5-mm slice thickness, 0.5 s rotation.

The CT data were used for the attenuation correction.

The phantom data acquisition was performed in 3-dimen-

sional (3D) mode for 20 min in listmode. On the other hand,

the clinical data acquisition was performed in whole body 3D

mode for 2 min per bed position with an overlap of 50 %. All

patients fasted for at least four hours before FDG administra-

tion. The patients with high fasting blood sugar (blood sugar

C150 mg/dL) were excluded. Emission scans from the mid-

thigh to the top of the head were started at 1 h after injection of

226.2 ± 49.3 MBq (range 135.9–317.5 MBq) of FDG (Nihon

Medi-Physics Co., Ltd., Tokyo, Japan). The injected dose was

3.97 ± 1.26 MBq/kg.

The PET data were then reconstructed by the ordered

subsets expectation maximization (OSEM) algorithm, the

OSEM with PSF correction, the OSEM with TOF infor-

mation and the OSEM with both PSF and TOF information.

For a phantom study, the number of iterations varied from 1

to 10, and the acquisition times varied from 1 to 10 min.

The number of subsets was 24 for the reconstructions

without TOF and 21 for those with TOF. The image matrix

was 256 9 256. No smoothing filter was used for post-

processing. For a clinical study, the reconstruction param-

eters were 2 iteration and 21 subset for the algorithms with

TOF and 3 iteration and 24 subset for the algorithms

without TOF [15]. The Gaussian filter was used as the

smoothing filter, and the full width half maximum was

2 mm for the algorithms with PSF and 4 mm for the algo-

rithms without PSF [15]. The image matrix was 256 9 256.

Imaging analysis

Phantom study

Since the 10 mm hot sphere was not visually recognized in

some images, the quantitative analysis was performed using

a 13 mm hot sphere. The visibility of hot spheres was

assessed by a nuclear medicine physician and 2 radiological

technologists. The visibility was classified into 3 grades (2:

identifiable, 1: visualized but similar hot spots were observed

elsewhere, 0: not visualized). A score of 1.5 is considered to

represent a clinically interpretable study [19].

The PET image analyses were performed based on the

contrast of a 13 mm hot sphere (CONT13mm) and the

coefficient of variance of the background (CVphantom). On

the hot spheres, the regions of interest (ROIs) were drawn

in the slice of the sphere center. The diameters of the ROIs

were the same as the inner diameter of each sphere. On the

background, 12 ROIs of 30 mm in diameter were drawn in

the central slice of the body phantom and in slices that

were ± 5 mm apart (total 36 ROIs).

CONT13mm ¼ HOT=BGphantom

CVphantom ¼ SDphantom=BGphantom � 100 %ð Þ

where the HOT was the average activity in the 13 mm hot

sphere ROI, the BGphantom was the average activity in the

36 background ROIs and the SDphantom was the standard

deviation of the 36 background ROIs.

Clinical study

The quality of clinical PET images was analyzed by the con-

trast of tumors (CONTtumor), the CV of the liver (CVliver) and

signal-to-noise ratio (SNR). For tumor ROIs, tumor boundaries

on CT images were manually traced and placed on PET ima-

ges. The 3 circular ROIs with 30 mm in diameter were placed

on 3 contiguous axial slices in the largest liver section. The

ROIs were carefully placed in a uniform area of the liver so as

not to include the portal vein or the hepatic hilum.

CONTtumor ¼ TUMOR=BGliver

CVliver ¼ SDliver=BGliver � 100 %ð Þ
SNR ¼ CONTtumor=CVliver

where the TUMOR was the average activity in the tumor

ROI, the SDliver was the standard deviation and the BGliver

was the mean activity of the 9 liver ROIs.

Statistical analysis

The CVphantom, CVliver, CONTtumor and SNR of each recon-

struction method were compared using paired t test, Wilcoxon

signed-rank tests and Student’s t test. In this analysis, P \ 0.05

was considered to indicate statistical significance.

Results

Phantom study

Figure 2 shows the PET images of both the NEMA

phantom and the LG phantom reconstructed by 4
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different algorithms. The images of both the NEMA

phantom and the LG phantom exhibited increased noise

by the increase of iteration number (Fig. 2a). The LG

phantom was noisier than the NEMA phantom. At iter-

ation 2 of the LG phantom, the 13 mm hot sphere was

not clearly observed when reconstructed by OSEM and

the OSEM ? PSF, while it was clearly recognized by

the OSEM ? TOF and the OSEM ? PSF ? TOF. In

contrast, the 13 mm hot sphere in the NEMA phantom

was clearly observed in all reconstruction models. At

2 min or longer acquisition time, all hot spheres of the

NEMA phantom were clearly observed in all recon-

struction models (Fig. 2b). However, the 10 mm hot

sphere in the LG phantom was not observed even at

10 min acquisition.

The CVphantom was examined in relation to the iteration

number (Fig. 3a). In both the NEMA phantom and the LG

phantom, the CVphantom increased with the iteration num-

ber increased. The CVphantom of the LG phantom was about

twice of that of the NEMA phantom. In the OSEM ? TOF,

the CVphantom plateaued earlier. On the other hand, the

CVphantom was relatively low in images reconstructed with

PSF (both the OSEM ? PSF and the OSEM ? PSF ?

TOF). In Fig. 3b, the CVphantom was examined in relation

to the acquisition time. In the NEMA phantom, the

CVphantom of 10 % or lower was obtained for 2 min or

longer acquisition time in images reconstructed with PSF

(the OSEM ? PSF and the OSEM ? PSF ? TOF).

Although the CVphantom of the LG phantom with OSEM

was not below 10 % within 10 min acquisition, a 10 % or

lower CVphantom was obtained at 6–8 min in the LG

phantom with PSF.

The relationship between the CVphantom and the

CONT13mm was shown in Fig. 4. The x-axis was the

CVphantom and the y-axis was the CONT13mm, and each plot

means the iteration number. A curve exist closer to the

upper left corner meant that high contrast was obtained at a

small CVphantom. In both the NEMA phantom and the LG

phantom, the curve of the OSEM ? PSF and the

OSEM ? PSF ? TOF were near the upper left corner. The

best relationship in the LG phantom was observed for the

OSEM ? PSF ? TOF. Furthermore, for the LG phantom,

the CONT13mm obtained already at the 2 iteration with the

OSEM ? PSF ? TOF could not be reached by other

reconstruction methods at any iteration (up to 10). This

clearly indicates the advantage of TOF reconstruction for

large objects and possibility patients.

Clinical study

The CVliver of the patients in relation to the body weight

was shown in Fig. 5. In both the normal and overweight

groups, the CVliver was significantly low in images recon-

structed with TOF (P \ 0.001 for the normal group,

P \ 0.001 for the overweight group). Although those with

PSF were significantly low in the overweight group

(P = 0.009), those were not low in the normal weight

group (P = 0.335). The lowest CVliver was observed in

images reconstructed with OSEM ? PSF ? TOF

(P \ 0.001 for the normal group, P \ 0.001 for the over-

weight group). The CVliver with the OSEM ? PSF ? TOF

for the overweight group was almost equal to that of the

OSEM for the normal weight group (P = 0.579).

The SNR in relation to the body weight was shown in

Fig. 6. In both normal and overweight groups, the SNR

was significantly increased by PSF (P \ 0.001 for the

normal group, P = 0.001 for the overweight group) and by

TOF (P \ 0.001 for the normal group, P = 0.001 for the

overweight group). The highest SNR was observed in

images reconstructed with OSEM ? PSF ? TOF

(P \ 0.001 for the normal group, P \ 0.001 for the over-

weight group). The degree of improvement in SNR for the

overweight group was almost equal to that for the normal

weight group.

Fig. 2 The PET images with different reconstruction algorithms in

relation to the iteration numbers (a) and in relation to the acquisition

times (b). The image quality of the NEMA phantom was superior to

that of the LG phantom for all iteration numbers and acquisition times
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Discussion

In this study, we developed a large body phantom to

examine the effects of the PSF and TOF on the PET image

quality for simulated overweight subjects. The CVphantom

of the LG phantom was higher than that of the NEMA

phantom. Both a good CONT13mm and CVphantom of the LG

phantom were obtained with a short acquisition time using

the OSEM ? PSF ? TOF. The CVliver in the overweight

patients was decreased by the OSEM ? PSF ? TOF. The

SNR was similarly increased between two patient groups.

The CV is known to vary with body weight [20]. The

NEMA phantom represents standard body size patients

simulating patients with a 60 kg body weight and 84 cm

waist [21]. In the present study, we originally designed a

large phantom simulating patients with a body weight of

approximately 100 kg and a waist circumference of

126 cm [17]. Nagaki et al. [20] observed that the noise of

overweight patients was larger than that of normal weight

patients. They reported that the CVliver of PET images for

60–74 kg patients was 10.98 %, and that for patients over

75 kg was 14.15 %. Our results showed that the CVphantom

of the LG phantom was almost twice of that of the NEMA

phantom.

The CVphantom below 10 % was not obtained in the LG

phantom within 10 min for the OSEM. To obtain the

CVphantom of 20 % or less, an almost 2.5 times longer

acquisition time was necessary in the LG phantom in

Fig. 3 The CVphantom of the

NEMA phantom and LG

phantom as a function of the

iteration number (a) and as a

function of the acquisition time

(b) (a 2 min acquisition, b 2

iteration). The CVphantom of the

LG phantom was almost twice

as high as that of the NEMA

phantom. The CVphantom was

lower when the PSF information

was incorporated

(OSEM ? PSF and

OSEM ? PSF ? TOF).

A CVphantom of 10 % or lower

was obtained for 2 min or

longer acquisition time in

images reconstructed with PSF

information

Fig. 4 The relationship

between the CVphantom and the

CONT for the 2 min

acquisition. a The NEMA

phantom and b the LG phantom.

Each plot means the iteration

number. In both phantoms, the

curves of the OSEM ? PSF and

the OSEM ? PSF ? TOF were

closer to the upper left corner
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comparison with the NEMA phantom. On the other hand,

the CVphantom under 10 % was obtained in the LG phantom

with PSF correction. PET image reconstructed with the

PSF correction showed a more uniform background than

the image reconstructed without the PSF correction.

Moreover, the contrast and CV have a trade-off relation-

ship, and the PSF correction slows the iterative conver-

gence. Therefore, the PSF correction was considered to

reduce the CVphantom [15]. However, a 3–4 times longer

acquisition time was necessary to obtain the same

CVphantom of the NEMA phantom. A previous study

reported that the optimal acquisition time for overweight

patients was about 1.6 times longer than that for normal

weight patients [20]. The difference between the studies

was considered to be due to the weight of the objects. The

LG phantom in our study simulated a 100 kg object, while

the average body weight of their study was approximately

85 kg. Both studies demonstrated that obtaining high

quality PET images of overweight patients requires a

longer acquisition time than that of normal weight patients.

According to the relationship between the CVphantom and

the CONT13mm, the quality of PET images reconstructed

with the OSEM ? PSF and the OSEM ? PSF ? TOF was

superior to that of the OSEM for both in the NEMA and

LG phantoms. The CONT13mm was markedly improved for

the OSEM ? PSF ? TOF with a smaller iteration number.

This improvement is the effect of the TOF information,

which accelerates the convergence of the CONT13mm in

comparison with the algorithms without TOF [22]. A pre-

vious report using the phantom that was 35 cm in diameter

showed a high contrast even for the faster convergence of

the OSEM ? PSF ? TOF for a 13 mm sphere [12]. Surti

et al. [13] also reported that the contrast with TOF infor-

mation was about 2-fold compared with that without TOF

information. These findings suggested that the addition of

PSF and TOF information to the iterative reconstruction

algorithm improved both noise and contrast in PET images.

Clinically, the CVliver improved after the PSF and TOF

information in this study. In particular, the value with the

OSEM ? PSF ? TOF for overweight patients was almost

equal to that with the OSEM for normal weight patients.

Our previous study showed that the PSF and TOF infor-

mation improved the image quality of patients with a high

body mass index (BMI) [15, 16]. Karp et al. [23] reported

that the PET images with TOF information had high con-

trast, faster convergence and low noise in large patients.

Thus, the TOF information was expected to enhance the

detectability of lesions in overweight patients with a

smaller iteration number. These studies suggested that both

PSF and TOF information are considered to improve the

image quality and lesion detectability.

The SNR was improved on images reconstructed by

using PSF and TOF information. The best improvement

was obtained by the combination of PSF and TOF infor-

mation (OSEM ? PSF ? TOF). The degree of improve-

ment of the SNR was not different between the normal and

overweight groups. The improvement of spatial resolution

by PSF is considered to lead to an increase in the SNR [24].

Furthermore, our previous study suggested the combination

of PSF and TOF has the potential to maintain image quality

for low activity objects and a shorter acquisition time [15].

Thus, our results suggest that the effect of PSF and TOF

information on the improvement of the SNR was similar

between the normal and overweight groups.

Fig. 5 The CVliver of normal weight patients and overweight

patients. The CVliver was low in images reconstructed with TOF

information (OSEM ? TOF and OSEM ? PSF ? TOF). The CVliver

with the OSEM ? PSF ? TOF for the overweight group was almost

equal to that with the OSEM for the normal weight group

(*significantly different from both OSEM and OSEM ? PSF)

Fig. 6 The SNR of normal weight patients and overweight patients.

The SNR was significantly increased by PSF and by TOF. The degree

of improvement was not different between the normal and overweight

patients
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This study had some limitations. First, we examined only

one phantom simulating a patient with 100 kg body weight.

A phantom study using some different sizes of phantoms

may be required. Second, the LG phantom used in the study

is circular though the body shape of most subject is ellip-

tical. Third, the number of patients heavier than 100 kg was

limited in our study. Further examinations with such

patients are expected to enhance the advantages of the PSF

and TOF information for overweight patients. Fourth, we

did not evaluate the lesion detectability. Fakhri et al.

reported that the effect of TOF information was large for

higher BMI. Therefore the overweight patients were con-

sidered to show the great effect of TOF information [19,

25]. Clinical examinations to assess the lesion detectability

in overweight patients will be necessary to confirm the

clinical usefulness of the PSF and TOF information.

Conclusion

In conclusion, our results indicated that the

OSEM ? PSF ? TOF improved the PET images of a LG

phantom, and is thus considered to be useful for achieving

good image quality in overweight patients.
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