
http://pubads.g.doubleclick.net/gampad/clk?id=4851547149&iu=/2215


Proof-of-concept prototype time-of-flight PET system based on high-
quantum-efficiency multianode PMTs

Jeong-Whan Son and Kyeong Yun Kim
Department of Biomedical Sciences, Seoul National University College of Medicine, Seoul 03080, Korea

Department of Nuclear Medicine, Seoul National University College of Medicine, Seoul 03080, Korea

Hyun Suk Yoon
Department of Nuclear Medicine, Seoul National University College of Medicine, Seoul 03080, Korea

Jun Yeon Won and Guen Bae Ko
Department of Biomedical Sciences, Seoul National University College of Medicine, Seoul 03080, Korea
Department of Nuclear Medicine, Seoul National University College of Medicine, Seoul 03080, Korea

Min Sun Lee
Department of Nuclear Medicine, Seoul National University College of Medicine, Seoul 03080, Korea

Interdisciplinary Program in Radiation Applied Life Science, Seoul National University, Seoul 03080, Korea

Jae Sung Leea)

Department of Biomedical Sciences, Seoul National University College of Medicine, Seoul 03080, Korea
Department of Nuclear Medicine, Seoul National University College of Medicine, Seoul 03080, Korea

Interdisciplinary Program in Radiation Applied Life Science, Seoul National University, Seoul 03080, Korea

Institute of Radiation Medicine, Medical Research Center, Seoul National University College of Medicine, Seoul 03080, Korea

(Received 3 March 2017; revised 21 June 2017; accepted for publication 22 June 2017;
published 18 August 2017)

Purpose: Time-of-flight (TOF) information in positron emission tomography (PET) scanners

enhances the diagnostic power of PET scans owing to the increased signal-to-noise ratio of recon-

structed images. There are numerous additional benefits of TOF reconstruction, including the simul-

taneous estimation of activity and attenuation distributions from emission data only. Exploring

further TOF gains by using TOF PET scanners is important because it can broaden the applications

of PET scans and expand our understanding of TOF techniques. Herein, we present a prototype TOF

PET scanner with fine-time performance that can experimentally demonstrate the benefits of TOF

information.

Methods: A single-ring PET system with a coincidence resolving time of 360 ps and a spatial reso-

lution of 3.1/2.2 mm (filtered backprojection/ordered-subset expectation maximization) was devel-

oped. The scanner was based on advanced high-quantum-efficiency (high-QE) multianode

photomultiplier tubes (PMTs). The impact of its fine-time performance was demonstrated by evaluat-

ing body phantom images reconstructed with and without TOF information. Moreover, the feasibility

of the scanner as an experimental validator of TOF gains was verified by investigating the improve-

ment of images under various conditions, such as the use of joint estimation algorithms of activity

and attenuation, erroneous data correction factors (e.g., without normalization correction), and

incompletely sampled data.

Results: The prototype scanner showed excellent performance, producing improved phantom

images, when TOF information was employed in the reconstruction process. In addition, investigation

of the TOF benefits using the phantom data in different conditions verified the usefulness of the

developed system for demonstrating the practical effects of TOF reconstruction.

Conclusions: We developed a prototype TOF PET scanner with good performance and a fine-timing

resolution based on advanced high-QE multianode PMTs and demonstrated its feasibility as an exper-

imental validator of TOF gains, suggesting its usefulness for investigating new applications of PET

scans and clarifying TOF techniques in detail. © 2017 American Association of Physicists in Medi-

cine [https://doi.org/10.1002/mp.12440]
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1. INTRODUCTION

Time-of-flight (TOF) positron emission tomography (PET)

scanners provide reconstructed PET images with a higher sig-

nal-to-noise ratio than non-TOF PET, which can lead to

enhanced diagnostic power and/or a reduced scan time or a

reduced patient radiation dose.1–4 The TOF information also

improves the consistency in image reconstruction, making

the reconstructed emission data less sensitive to inconsisten-

cies between the emission data and corrections (e.g.,
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mismatched attenuation correction and erroneous normaliza-

tion).5 In addition, the robustness of TOF PET to incomplete

angular sampling has been demonstrated through several sim-

ulation studies (e.g., dedicated breast PET and in-beam

PET).5–7 Another remarkable benefit of TOF PET is the

improved simultaneous estimation of activity and attenuation

distributions from only the emission data via joint reconstruc-

tion algorithms.8,9 This approach is particularly important in

PET scanners that suffer from limited information about the

attenuation distributions (e.g., PET/magnetic resonance

imaging (MRI) systems).

In the conventional TOF PET detectors, scintillation light

generated from a rectangular array of long and narrow crys-

tals (e.g., 4 9 4 9 20 mm3) is read out by multiple single-

channel PMTs (e.g., block detectors and quadrant-sharing

methods).10–12 Although the detector costs can be reduced by

using single-channel PMTs, the time performance of the PET

detector is significantly compromised in this light-sharing

scheme because of the increased light loss and transit-time

jitter. Recently, alternative TOF PET detector structures

based on advanced photosensor technologies have become

available. Such advanced photosensors include the silicon

photomultiplier (SiPM) and the high-quantum-efficiency

(high-QE) multianode PMT. The compactness of the SiPMs

enables the 1-to-1 coupling of a crystal piece with each SiPM

device, improving the light collection and time perfor-

mance.13–15 MRI compatibility is another advantage of this

new solid-state photosensor.16–18 On the other hand, the posi-

tion-sensitive multianode PMT is based on well-proven vac-

uum-tube technology, offering highly stable PET detector

operation that is less prone to fluctuations in the supply volt-

age and detector temperature than the operation of the SiPM.

The relatively low dark count noise19 and output capacitance

compared with the SiPM allow a higher ratio of signal multi-

plexing, reducing the number of output signal channels from

PET detectors. Radiation hardness is another benefit of PMT-

based PET systems, which is important for real-time in-beam

monitoring of b+ activity distributions generated by charged-

hadron irradiation for radiation therapy.

Herein, we present a prototype whole-body TOF PET

scanner based on high-QE multi-anode PMTs with a super-

bialkali photocathode, a small pixel size, a large effective

area, a high packing density, and excellent time performance

(360 ps coincidence timing resolution). To obtain a high spa-

tial resolution, we used Lu-based scintillators with smaller

cross-sections (3 mm) than those of crystals widely used in

current clinical scanners (4 mm). Higher spatial resolution

(3.1 mm) is the advantage of our system over the single-chan-

nel PMT-based PET scanners with similar timing resolutions

[i.e., 314 ps20 (5.1 mm) and 375 ps21 (5.8 mm)]. The

detailed system design and performance-evaluation results

are presented. Additionally, various phantom studies were

performed to show the feasibility of the proposed PET system

as an experimental demonstrator of the benefits of precise

TOF measurement (i.e., image quality enhancement, robust-

ness to inconsistent and incomplete data, and joint activity/at-

tenuation estimation) under more clinically relevant

condition compared to the above-mentioned PET scanners

with similar timing resolutions (i.e., longer axial coverage

(46.4 mm vs. 6.15 mm20) and practical scintillator selection

(LGSO vs. LaBr3
21)).

2. MATERIALS AND METHODS

2.A. Prototype TOF PET scanner

The prototype TOF PET system is comprised of forty

detector modules—each consisting of a 15 9 15 array of

LGSO (Lu1.9Gd0.1SiO4:Ce, Hitachi Chemical Co., Tokyo,

Japan) crystals (3 9 3 9 20 mm3) and an advanced high-

QE (34.1%@420 nm) position-sensitive multianode PMT

(H10966A-100, Hamamatsu Photonics K. K., Hamamatsu,

Japan) [Fig. 1]. The H10966A-100 PMT has considerably

higher quantum-efficiency than H8500 PMT, the most widely

used conventional 64-channel multianode PMT with 24%

QE. High-QE of a PMTyields improved crystal identification

ability, energy resolution, and timing resolution thanks to the

reduced statistical uncertainties, which resulted from the

higher number of photoelectrons generated.22–24 The crystals

are isolated from each other by enhanced specular reflectors

(> 98% reflectance, 0.065-mm thickness; 3 M), and the pitch

was 3.1 mm. The diameter of the scanner is 64.1 cm, and the

gaps between adjacent detector modules are smaller than two

crystals. The main characteristics of the PET scanner are

High-quantum-efficiency

multi-anode PMT

Front-end

electronics

L0.95GSO array

(15 15, 3 3 20 mm3)

FIG. 1. Developed TOF PET scanner and its detector module. [Color figure can be viewed at wileyonlinelibrary.com]
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summarized in Table I. The energy and coincidence time

windows used in the performance measurements and phan-

tom studies were 435–590 keV and 4 ns respectively. Analog

electronics, including a gain-compensation circuit,25 a

charge-division network,26 and a bipolar multiplexer,27 were

developed. A field-programmable gate array-based time-to-

digital converter (12.8 ps measurement uncertainty,

200 MSa/s maximum conversion rate)28 and a data-acquisi-

tion system (6.8 Mc/s maximum count rate)29 were also

employed. The detailed detector design and data-acquisition

setup of the PET scanner as well as the effect of high-QE on

detector performance are described in another study.30

2.B. System performance measurement

The system-level energy, timing, and spatial resolutions

were measured using a 22Na point source (MMS06-022,

Eckert & Ziegler, Berlin, Germany) located at the center of

the scanner and coincidence data were acquired. In the flood

map of each detector, the distance-to-width ratio (DWR) was

calculated as the figure of merit of the pixel coding efficiency

of the scanner.31 The average DWR of a PET detector consist-

ing of N 9 M crystals is calculated using the following equa-

tion (i and j are adjacent):

DWRavg

¼
1

2NM � N �M

X

ði;jÞ2ðadj pairÞ

distanceðcrystali; crystaljÞ

ðFWHMi þ FWHMjÞ=2

The energy resolution was calculated as the full width at

half maximum (FWHM) of a Gaussian function fitted to the

511-keV photopeak normalized by the peak. The timing reso-

lution was calculated as the FWHM of a Gaussian function

fitted to the histogram of the arrival-time differences. The

spatial resolution of the scanner was measured using a 22Na

point source positioned at the center of the axial FOV and 1

and 10 cm away from the center in the transverse FOV

respectively. Two images were reconstructed using different

algorithms: the two-dimensional filtered back-projection (2D

FBP) algorithm and the three-dimensional ordered-subset

expectation maximization (3D OSEM) algorithm (1 iteration

and 15 subsets). The image matrix size of the reconstructed

images was 512 9 512 9 29, with a voxel size of

0.8 9 0.8 9 1.55 mm3. Single-slice rebinning was applied

before the 2D FBP reconstruction. The spatial resolutions

[FWHM and full width at tenth maximum (FWTM)] were

calculated using a method specified in NU2-2007 by the

National Electrical Manufacturers Association (NEMA).32

Sensitivity and count-rate performance of the prototype scan-

ner were also measured although limited results were

expected because of its short axial length. The measurement

and analysis were done following the NEMA NU2-2007

protocol.32

2.C. Image quality measurement

The NEMA International Electrotechnical Commission

(IEC) body phantom was scanned to evaluate the improved

PET image quality, owing to the excellent time performance

of the prototype scanner. The background activity of the

phantom filled with a 18F solution was 5.3 kBq/cc, and the

concentration ratio of the hot lesions to the background was

4:1. A total of 48 million coincidence events were acquired.

Data were stored in a list-mode format. Images were

reconstructed using a 3D list-mode OSEM algorithm with

and without TOF modeling. The parameters for both TOF

and non-TOF reconstructions were as follows: 15 subsets, 5

iterations, a 5-mm (FWHM) transaxial postfilter, and a 3-mm

axial post-filter. While fixing the number of subsets, the opti-

mal number of iterations was determined to five at which

contrast of the image was converged. The image matrix was

128 9 128 9 29 in size, with a voxel size of

3.1 9 3.1 9 1.55 mm3. Attenuation correction was per-

formed using a registered computed-tomography (CT) image

taken from a commercial PET/CT scanner (Biograph mCT

64, Siemens Medical Solutions, Knoxville, TN, USA). Com-

ponent-based normalization was performed using factors

derived from data acquired via a 68Ge quality-control phan-

tom (EG-0318-2.5M, Eckert & Ziegler). Random events were

estimated from singles rate. The distribution of scatter events

was estimated using GATE Monte Carlo simulations, and the

tail parts of simulated and measured sinograms were fitted

for count scaling that was necessary due to the incomplete-

ness of scatter estimation.

As image quality parameters, the contrast recovery coeffi-

cient (CRC) and background variability (BV) for each sphere

size were calculated according to the NEMA NU 2-2007 pro-

tocol32 except the fact that the background regions-of-interest

were drawn at the central slice and �1 and �1.5 cm away

from the central slice. In addition, lung residual error was

measured.

2.D. Robustness to errors in data correction

To assess the robustness of the developed TOF PET sys-

tem to data correction errors, the activity images of the

NEMA IEC body phantom were reconstructed without apply-

ing one of the attenuation, scatter, and normalization correc-

tions. In addition, we applied attenuation correction with an

attenuation map that was intentionally shifted by 10 mm in

TABLE I. Main characteristics of the high-QE multianode PMT-based proto-

type TOF PET scanner.

Characteristics Value

Crystal material L0.95GSO

Crystal dimension (mm3) 3 9 3 9 20

# crystal rings 15

# crystals/ring 600

Total # crystals 9000

Transaxial FOV (mm) 518

Axial FOV (mm) 46.4
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the radial direction for investigating the effects of a mis-

matched attenuation map due to the patient breath or move-

ment. The amount of shift was determined to 10 mm as the

average movement of organs such as lung, liver, diaphragm,

and pancreas was about 10 mm.33 The images reconstructed

with and without TOF information were compared.

2.E. Partial ring geometry and limited angle
tomography

We examined the image quality improvement caused by

the TOF reconstruction in the case where our TOF PET sys-

tem was modified for limited angle tomography with a partial

ring geometry by excluding certain detector data from the

list-mode data. We tested two different partial ring geome-

tries. The first was the split-ring geometry, which was sug-

gested for scanning the breast with a variable distance

between two C-shaped partial rings.7,34 This split-ring geom-

etry is also useful for combining the PET system with

hadron-therapy instruments35,36 and other imaging systems.37

The second is the sparse-ring geometry, in which some of the

detectors are intentionally removed to reduce the scanner cost

or extend the axial FOV without increasing the cost. Here,

detectors were regularly removed to maximize the gap

artifacts in reconstructed images due to the incomplete data

sampling.

In the split-ring geometry, the gap between two C-shaped

partial rings was wide enough (i.e., 140 mm which was the

same as used in another study36) for a beam delivery system

to be located in the scanner if 10 detectors (i.e., 25%) were

removed from the PET scanner. Therefore, 75% of detectors

were used in both geometries. The images reconstructed from

these incompletely sampled data were compared with an

image acquired using the full ring geometry. To compare the

amount of artifacts in the background region, a metric [i.e.,

background uniformity (BU)] was defined as the standard

deviation divided by the mean of background pixel intensities

because BV cannot reflect overall background artifacts.

2.F. Joint estimation of activity and attenuation

To demonstrate the enhanced performance of the joint

activity and attenuation estimation by our PET system with a

timing resolution of 360 ps, the IEC body phantom data were

reconstructed using common joint estimation algorithms with

and without TOF information. One of these algorithms is the

maximum-likelihood activity and attenuation estimation

(MLAA), in which the maximum-likelihood expectation

maximization and maximum-likelihood transmission tomog-

raphy equations are alternatively applied to update activity

and attenuation images.8 In each iteration, constant scaling

was determined by using a prior on zero attenuation values

outside the object contours. The other algorithm tested was

the maximum-likelihood attenuation correction factor

(MLACF), which determines the attenuation correction factor

without reconstruction of the attenuation map for achieving a

fast convergence rate with a lower computation complexity

than MLAA.9 To determine the constant scaling, the known

total activity prior was used in applying the MLACF. The

numbers of subsets and iterations were 15 and 5, respectively,

in both the MLAA and MLACF. The ratio of subiterations

for the activity and attenuation updates was 1:1 in both algo-

rithms. It is worth noting that scatter was estimated using the

GATE Monte Carlo simulation, which is not available in real

situation. We assumed other factors including scatter were

properly corrected in order to solely investigate the effect of

360 ps timing resolution on the performance of joint estima-

tion algorithms.

2.G. Comparison to conventional 600-ps TOF PET

To demonstrate the improvement from 360 ps timing reso-

lution of our PET scanner compared to the conventional

600 ps timing resolution, we compared the images recon-

structed using the same data used in Sections 2.D–2.F with

different timing resolutions. The timing resolution was

degraded to 600 ps by adding Gaussian noise to the times-

tamps of measured list-mode data.

3. RESULTS

3.A. System performance measurement

The average DWR of the 40 flood maps was 3.8 � 0.7,

and the representative flood maps are shown in Fig. 2. The

average energy resolution was 13.67 � 1.48%, and the aver-

age coincidence resolving time was 360 � 26 ps. The his-

tograms of the energy and timing resolutions are shown in

Fig. 3.

The transverse spatial resolutions near the center of the

scanner (1 cm off-center) were 3.5 mm with the FBP algo-

rithm and 2.0 mm with the 3D OSEM algorithm. At 10 cm

off-center, the average transverse FWHMs were 4.1 mm

(FBP) and 2.7 mm (OSEM). Table II summarizes the trans-

verse and axial spatial resolutions acquired by applying the

reconstruction algorithms.

The sensitivity of the scanner was 385 cps/MBq at the

center and 404 cps/MBq at a 10 cm radial offset from the

FOV center. The peak noise equivalent count rate was

838 cps at 2.31 kBq/ml activity concentration within a scatter

phantom. The peak true count rate was 1430 cps at

2.97 kBq/ml activity concentration. The results were shown

in Fig. 4.

3.B. Image quality measurement

The images of the IEC body phantom reconstructed with

and without TOF information (hereinafter TOF and non-TOF,

respectively) and horizontal profiles across the center of the

phantom are shown in Fig. 5(a). The solid and dashed lines

in the figure correspond to TOF and non-TOF data respec-

tively. The TOF data showed better background uniformity

Medical Physics, 44 (10), October 2017
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and less artifacts than the non-TOF data. The quantitative

measures of image quality (CRCs and BVs) are shown in

Figs. 5(b) and 6. The CRCs of the hot lesions were similar

between the TOF and the non-TOF images. However, the

CRCs of the cold lesions in the TOF image were higher than

those in the non-TOF image. In all spheres, the TOF image

showed lower BVs than the non-TOF image. The lung resid-

ual errors were 9.2 � 0.7% and 14.8 � 2.4% in the TOF

and non-TOF images respectively.

3.C. Robustness to errors in data correction

The robustness to the errors in data correction achieved by

the excellent timing resolution of our TOF PET scanner was

well-demonstrated. Figure 7 shows TOF (360 ps), TOF

(600 ps), and non-TOF PET images reconstructed without

proper physical corrections. In Fig. 7(a), where the images

were not corrected for attenuation, the TOF (360 ps) image

showed strong robustness to the attenuation artifacts; the

background activity near the center of the phantom (between

the cold lung insert at the center and the spheres around it)

FIG. 2. Representative flood maps of the advanced PMT-based PET scanner. [Color figure can be viewed at wileyonlinelibrary.com]
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FIG. 3. Histograms of energy resolutions and coincidence resolving times. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE II. Spatial resolution of the scanner.

Radial position:

r = 1 cm Radial position: r = 10 cm

Transverse Axial Tangential Radial Axial

2D FBP

FWHM (mm) 3.5 2.7 3.7 4.5 3.9

FWTM (mm) 7.9 6.1 7.7 8.8 6.7

3D OSEM

FWHM (mm) 2.0 2.4 2.3 3.2 3.1

FWTM (mm) 4.4 5.2 4.7 6.2 6.3
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was only slightly lower than that between the spheres and the

phantom wall. In contrast, the non-TOF image showed a typi-

cal attenuation artifact pattern (i.e., exaggerated activity at the

surface and in the lung and severe depth-dependent activity

underestimation). In the lung insert, the estimated activity

concentration was three times higher in the non-TOF image

than in the TOF image. The image artifact due to the mis-

match between the activity distribution and the attenuation

map is shown in Fig. 7(b). The activity overestimation in a

region of interest [the region indicated by arrows in Fig. 7(b)]

on the artifact was 42% lower in the TOF image.

Figure 7(c) shows that the increased activity around

the center of the phantom and the reduced contrast at

the cold lesions observed in the non-TOF image were

considerably mitigated in the TOF image. Severe circular

saw-tooth artifacts are observed in the non-TOF image

without normalization correction [Fig. 7(d)]. However,

these artifacts almost completely disappeared in the TOF

image.

Reconstructed images using 600 ps timing resolution

showed better robustness to the errors in data correction fac-

tors compared to non-TOF images. However, the image arti-

facts shown in non-TOF images [e.g., higher estimated

activity concentration in the lung insert Fig. 7(a) and severe

circular saw-tooth patterns Fig. 7(d)] were better mitigated in

360-ps TOF images rather than the 600-ps TOF images,

which demonstrated the improvement achieved from about

350 ps timing resolution.

(a) (b)

FIG. 4. (a) Axial sensitivity profile and (b) count rates as a function of the activity concentrations within the NEMA scatter phantom. [Color figure can be viewed

at wileyonlinelibrary.com]
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FIG. 5. (a) Phantom images reconstructed with and without TOF information (left) and their horizontal profiles across the center of the phantom (right). (b) CRC

and BV values for each sphere of the phantom. [Color figure can be viewed at wileyonlinelibrary.com]
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3.D. Partial ring geometry and limited angle
tomography

The excellent timing resolution of our TOF PET scanner

was also useful for reducing the gap artifacts in the virtual

PET systems with a partial ring geometry. Figure 8(a) shows

the partial ring geometry (left: split-ring geometry, right:

sparse-ring geometry) and Figs. 8(b) and 8(c) show PET

images reconstructed from corresponding geometries. For

both the partial ring geometries, the images reconstructed

with TOF information showed remarkably smaller artifacts

near the center of the phantom compared with those recon-

structed without TOF information. There was slight improve-

ment in image quality when we compared 360-ps TOF

images to 600-ps. Regarding background artifacts of the

images, the sparse-ring geometry with TOF (360 ps) yielded

comparable BU (i.e., 12.5) with that of the full-ring geometry

without TOF (i.e., 11.2). However, in the split-ring geometry,

BU was even worse with 360 ps TOF information (i.e., 21.0)

compared to the case without TOF (i.e., 16.9) because of the

truncation of the left and right sides of the body phantom.

3.E. Joint estimation of activity and attenuation

The accuracy improvement of the joint activity and attenu-

ation estimation using 360 ps TOF information was remark-

able, as shown in Fig. 9. Figures 9(a) and 9(b) show the

results of joint estimation using MLAA and MLACF respec-

tively. The activity distribution reconstructed using the joint

estimation algorithms with TOF information was almost

comparable to the activity PET image corrected for attenua-

tion using CT data and reconstructed using the OSEM algo-

rithm. In the jointly estimated activity distribution, the noise

level was slightly higher, and the activity on the right side of

the phantom was relatively overestimated. The attenuation

image estimated using the MLAA algorithm with TOF

information exhibits far smaller crosstalk at the lung insert

and hot and cold spheres of the phantom [Fig. 9(a)]. In the

case of MLACF algorithm, the reasonable activity distribu-

tion was obtained only with the TOF information [Fig. 9(b)].

Compared to 600-ps TOF images, the 360-ps images

showed lower estimated activity concentration in the lung

region and smaller crosstalk at the spheres of the phantom

[Fig. 9(a)]. The 360 ps image reconstructed using the

MLACF algorithm showed lower noise level and lower esti-

mated activity concentrations in the cold spheres than those

of the 600-ps image [Fig. 9(b)].

4. DISCUSSION

In this study, we developed an advanced high-QE multian-

ode PMT-based prototype TOF PET scanner and measured

the performance of the scanner with a focus on the coinci-

dence resolving time, energy, and spatial resolution—360 ps,

13.7%, and 3.1/2.2 mm using FBP/OSEM respectively.

Then, we demonstrated the benefits of the fine-time perfor-

mance of the prototype scanner in several different known

ways. We observed considerable improvements in the image

quality (i.e., better BVs while maintaining the CRCs in the

IEC body phantom image) by employing 360 ps TOF infor-

mation in the reconstruction. The significant positive impact

of the fine-time performance and high spatial resolution was

obvious in PET images generated using inconsistent physical

correction factors, incompletely sampled data, and joint esti-

mation algorithms (i.e., less artifacts and better accuracy). It

is noteworthy that the limited axial coverage (i.e., 4.64 cm)

of the scanner contributed to high spatial resolution, because

only marginally oblique lines of response (maximum degree

of 3.75°) were included to measure the resolution using 2D

FBP.

The intrinsic performance of the system was slightly

degraded compared to the previous study,30 which measured

(a) (b)

FIG. 6. CRC vs. BV with different numbers of iterations (1, 2, 3, 4, and 5) for (a) cold lesions (spheres 28 and 37 mm in diameter) and (b) hot lesions (spheres

10, 13, 17, and 22 mm in diameter). [Color figure can be viewed at wileyonlinelibrary.com]
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the average performance of forty detectors—DWR 5.3 vs.

3.8, energy resolution 11.0% vs. 13.7% and coincidence

resolving time 341 ps vs. 360 ps. There are two main reasons

for the degradation: the inclusion of multiplexing circuit27

and reduced coupling efficiency between scintillators and

PMTs. Because position-encoding signals were multiplexed,

the gain of the signals were reduced and crystal identification

and energy performance was degraded. The coupling effi-

ciency was reduced as optical grease used for coupling crys-

tal blocks and PMTs got aged, leading to the intrinsic

performance degradation.

The average energy resolution (i.e., 13.7%) of the devel-

oped scanner is comparable to those of current PMT-based

clinical PET scanners (i.e., 11.5–13.7%) despite of the smaller

crystal dimension. The coincidence resolving time (i.e.,

360 ps) and spatial resolution (i.e., 3.5 mm) are also better

than those of the systems (i.e., 450–544 ps and 4.4–

5.1 mm).10,11,38 Compared with single-channel PMT-based

PET scanners with similar timing resolutions (i.e., 314 ps20

and 375 ps21), spatial resolution of our scanner is better than

those of the scanners (i.e., 5.1 mm and 5.8 mm, respectively)

because of larger number of PMT channels used to read scin-

tillators and smaller gap size between each PMT.

As the benefits of TOF reconstruction were verified using

the prototype scanner, the developed PET system can serve as

a demonstrator that provides experimental evidence of the

impact of the fine-time performance of PET scanners. In par-

ticular, it will be useful for verifying the feasibility of new

PET applications, which has been traditionally difficult

because of the limitations of low true counts39–41 and large

(c)

TOF (360 ps) TOF (600 ps) Non-TOF

(d)

TOF (360 ps) TOF (600 ps) Non-TOF

(b)

TOF (360 ps) TOF (600 ps) Non-TOF

(a)

TOF (360 ps) TOF (600 ps) Non-TOF

FIG. 7. Phantom images reconstructed without applying one of correction factors: (a) without attenuation correction, (b) with attenuation map mismatch, (c)

without scatter correction, and (d) without normalization. [Color figure can be viewed at wileyonlinelibrary.com]
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image distortion.6,7,34 In addition, the scanner will be useful

for facilitating research on the mechanisms of TOF PET tech-

niques and improving advanced PET reconstruction algo-

rithms, e.g., convergence acceleration and crosstalk reduction

in joint activity and attenuation estimation42 and gap artifact

reduction in sparse PET by combining the TOF and com-

pressed-sensing techniques.43

The timing resolution of the multianode PMT-based PET

scanner can be enhanced by utilizing the state-of-the-art fea-

tures of advanced scintillators and multianode PMTs. Fast

versions of LGSOs (0.025%Ce) and Ca-codoped LSOs

(0.4%Ca) are good candidates for alternative scintillators

because of their bright light output (i.e., above 30 k photons/

MeV)44,45 and fast decay time (~30 ns),15 which have led to

coincidence resolving times of 120 and 140 ps with

2.9 9 2.9 9 20 and 2 9 2 9 20 mm3 crystals respec-

tively.15,46 Additionally, crystals generating prompt photons

such as CdSe nanoplates47 and ZnO:Ga nanocrystals48 have

the potential to achieve a better timing resolution because of

their significantly faster emission rate compared with conven-

tional scintillation mechanisms.49 Applying nanostructures

on the exit surface (i.e., photonic crystal) can allow the

extraction of additional photons, leading to improved photo-

statistics and an enhanced timing performance, as well as

increased early-phase photons.50 Regarding multianode

PMTs, employing photocathodes with a higher QE (i.e.,

ultra-bialkali) results in a better timing resolution.24 Further-

more, because the single-photon optimized dynode structure

can separate single photon from the noise,51 multianode

PMTs equipped with this dynode structure has the potential

to resolve a single prompt photon descried earlier.47,48

The limitation of the prototype scanner presented in this

study is the long acquisition time required to obtain a suffi-

cient number of coincidence events as inferred from the sen-

sitivity results, which is mainly due to the short axial

coverage of the scanner. Count rate performance of the scan-

ner was limited due to not only insufficient sensitivity, but

also the usage of multiplexers. Extending axial coverage of

the PET scanner achieved by adding additional detector rings

as well as removing multiplexers will yield an improved sen-

sitivity and count rate performance.

5. CONCLUSION

We developed a prototype TOF PET scanner based on an

advanced high-QE multianode PMT and demonstrated the

benefits of its fine-time performance by conducting phantom

studies. The results suggest that the prototype scanner can

(a)

TOF (360 ps) TOF (600 ps) Non-TOF

(c)

TOF (360 ps) TOF (600 ps) Non-TOF

(b)

FIG. 8. (a) Partial ring geometries (left: split-ring, right: sparse-ring) and reconstructed phantom images using (b) split-ring geometry, and (c) sparse-ring geome-

try. [Color figure can be viewed at wileyonlinelibrary.com]
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serve as an experimental validator of the TOF gains and can

be utilized to investigate new applications of PET scans as

well as to deeply understand TOF techniques. The limitation

of the short axial coverage of the scanner can be overcome by

using additional detector rings.
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