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Abstract—We developed a human-scale single-ring
OpenPET (SROP) system, which had an open space allowing us
access to the subject during measurement. The SROP system
consisted of 160 4-layer depth-of-interaction detectors. The open
space with the axial width of 430 mm was achieved with the
ring axial width of 214 mm and the ring inner diameter of
660 mm. The detectors were axially shifted to each other so that
the detector ring was aligned along a plane horizontally tilted
by 45◦ against the axial direction. The system was developed
as a mobile scanner to be used not only in clinical positron
emission tomography (PET) rooms but also in charged-particle
therapy treatment rooms as well as animal experiment rooms.
Almost uniform spatial resolution better than 3 mm throughout
the entire field of view (FOV) was realized with an iterative
image reconstruction method. Peak absolute sensitivity was
3.1%, and there was a region with sensitivity better than
0.8% for a length of more than 700 mm. An in-beam imaging
experiment conducted at the heavy ion medical accelerator in
Chiba showed that the system was operable even at the highest
beam intensity available for heavy-ion therapy. In addition, we
conducted entire-body monkey dynamic imaging utilizing the
long region inside the gantry by positioning a monkey along the
direction having the longest FOV tilted by 45◦ against the axial
direction. We concluded the developed system has a capability
to realize versatile PET applications by utilizing its wide-open
space and mobility in addition to high spatial resolution with
sufficiently good sensitivity.

Index Terms—Depth-of-interaction (DOI) detector, in-beam
positron emission tomography (PET), OpenPET, PET, single-ring
OpenPET (SROP).
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I. INTRODUCTION

WE HAVE developed a series of open-type positron
emission tomography (PET) systems, OpenPET, which

can provide a physically opened space accessible during
measurement [1]–[8]. One of the applications of OpenPET
is in-beam PET for range verification of particle therapy,
such as proton therapy and carbon ion therapy, in which
positron emitters are generated via fragmentation reactions,
and the Bragg peak position can be estimated from PET
images [9]–[11]. The range verification for particle therapy
is an active research area. In addition to PET-based meth-
ods using dual-head or partial ring geometries to allow the
beam to pass through [12]–[24], collimators-based [25]–[28],
timing-based [29], [30], and Compton camera techniques-
based [31]–[35] methods targeting prompt gamma rays are
being studied. Although these methods are classified as 2-D or
limited angle imaging, OpenPET has the potential to acquire
highly accurate 3-D images because of its full ring geometry.

Fig. 1 summarizes OpenPET research studies in the pro-
gression toward in-beam application. The OpenPET geome-
tries can be mainly categorized into two groups, dual-
ring OpenPET (DROP) and single-ring OpenPET (SROP).
OpenPET is made possible by depth-of-interaction (DOI)
detectors [36]–[39] that suppress the parallax error because
most of the lines of response (LORs) in the OpenPET geome-
tries are oblique. The idea for OpenPET first came up as the
DROP geometry [1]. After showing a proof-of-concept with
a small prototype [2], we developed a human-sized system [7].
The DROP geometry consists of two cylindrical detector rings
axially separated with an open space. On the other hand, the
SROP geometry was proposed as a more efficient geometry
for in-beam applications because of its wide open space and
high sensitivity. The SROP geometry has a cylinder shape
cut by two parallel planes tilted against the axial direction
to form an open space. The tilt angle can be calculated from
the desired open space width, the detector ring axial width,
and the bed width (cylinder diameter). We also showed that
the SROP geometry has higher sensitivity and a smaller size
than the slant arrangement of a cylindrical PET [12] which
can provide a treatment beam path for in-beam PET mea-
surement. The SROP geometry allows the beam port to be at
the closest possible point to the patient [3]. These advantages
outweigh the manufacturing cost of using the DOI detectors
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Fig. 1. Summary of OpenPET research studies.

to realize the SROP system. To implement the SROP with
block detectors, we investigated two arrangement methods:
1) a slant-ellipsoid (SE) type in which ellipsoidal rings are
arranged along the bedside and 2) an axial-shift (AS) type
in which detectors are axially shifted along the plane tilted
against the axial direction. We previously compared these two
types arranged with DOI detectors by simulation and found
no significant difference in image quality [4]. Based on the
two types of SROP detector arrangement methods, we have
developed two small prototype systems [5], [6]. Although the
imaging performance was not significantly different, we found
that the AS-type SROP geometry was compacter and easier to
manufacture than the SE-type SROP geometry requiring the
design of ellipsoidal block rings.

In this study, we developed a human-scale OpenPET system
having the largest open space achieved yet based on the
AS-type SROP geometry. The human-scale SROP system pro-
vides a wider open space than the previous DROP system
without increasing the number of detectors relative to the
DROP configuration. The wide-open space enables multiple
PET applications in addition to in-beam PET. One of the
potential applications is online or real-time PET image guided
surgery, which can prevent tumors from being missed or left
after surgery while minimizing the resection area to maximize
a patient’s quality of life [40]. We should note that the wide-
open space increases the oblique angle of the LORs and the
parallax error. Therefore, we need to evaluate carefully the
effectiveness of the DOI detectors for the human-scale SROP
system to maintain uniformity of the spatial resolution.

We developed our system as a mobile and multiuse PET
scanner to be employed not only in clinical PET rooms but also

in various types of treatment rooms such as irradiation rooms
in the heavy ion medical accelerator in Chiba (HIMAC) as
well as animal experiment rooms for preclinical studies. After
a basic performance evaluation, we carried out an in-beam
experiment in one irradiation room of the HIMAC. Also, in an
animal experiment room, we demonstrated a dynamic entire-
body monkey scan utilizing a wide field of view (FOV) in the
direction detectors were aligned.

II. MATERIALS AND METHODS

A. SROP Geometry

The SROP system was designed based on the compo-
nents of the DROP system [7] and a whole-body DOI PET
system [41]. Fig. 2 shows a conceptual illustration and design
sketches. The SROP system was designed with 4 axially
shifted detector rings of 40 DOI detectors each. The ring diam-
eter was 660 mm and the total axial length was 214 mm. The
ring was aligned on a plane slanted by 45◦ from the axial
direction (z direction) to obtain an open space of 430 mm. The
shift of each detector compared with a conventional cylindrical
geometry with the same total axial length can be calculated
as follows. We let the angles of x and y directions on the x-y
plane be 0◦ and 90◦, respectively, the z position of a detector
whose center is located on the angle of θ is shifted by

− W + C

2
cosθ (1)

where W is the total axial length of the detector ring and C is
the width of the open space.

B. Sensitivity Prediction

The sensitivity varies depending on the width of the open
space. The human-scale DROP system was developed with
a changeable open space size achievable by a shifting mecha-
nism of the rings. However, achieving the human-scale SROP
system with a changeable open space size was difficult as
the detectors required for the human-scale were too heavy.
Therefore, we first conducted a Monte Carlo simulation using
the Geant4 tool kit [42] to predict the sensitivity at the FOV
center of the SROP compared with that of the DROP to show
the effectiveness of the SROP geometry for achieving high
sensitivity with various open space sizes. The sensitivity was
calculated as the ratio of detected coincidence count against
the number of generated annihilation photon pairs. We var-
ied the open space width from 90 mm to 430 mm. In both
geometries, 160 detectors were arranged in 4 rings with the
ring diameter of 660 mm. In the case of SROP, the amount
of axial shift for each detector was calculated by (1) with
C = 90 mm to 430 mm. The open space for the DROP
was adjusted as the axial distance between two detector rings.
Sensitivity values were normalized with a normalization fac-
tor calculated by dividing the actually measured sensitivity
of the DROP system with the open space of 90 mm [7] by
the sensitivity obtained by simulation. This step was necessary
because the actual system contained many factors that the sim-
ulation did not incorporate. Because we used the same detector
and components as the DROP system, we expected that the
normalized values for the SROP would be highly accurate.
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Fig. 2. Conceptual illustration of SROP (a) and design sketches: top (b),
side (c), and front (d) views. The blue blocks indicate scintillator blocks.
The red, blue, green, black, and orange arrows indicate the x, y, z, v, and w
directions defined in the system, for which the origin is the FOV center.

Fig. 3. Developed SROP system (a) and gantry cover (b).

C. Development of the SROP System

Fig. 3 is a photograph of the developed SROP system and
Table I lists specifications of the system. The gantry had
6 wheels for good mobility. We used 160 DOI detectors in

TABLE I
BASIC SPECIFICATIONS OF THE SROP SYSTEM

total. Each of the DOI detectors was composed of an array of
16×16×4 Zr-doped gadolinium oxorthosilicate (GOSZ) scin-
tillator crystals with dimensions of 2.8 × 2.8 × 7.5 mm3 and
a 64-ch photomultiplier tube (PMT) with a super-bialkali pho-
tocathode (Hamamatsu R10552-100-M64) [39]. The detectors
with front-end circuits were connected to a data acquisi-
tion (DAQ) system with 7-m coaxial cables to protect the
electronics circuits from radiation damage when the system
is used in an irradiation room for particle therapy. There was
no coincidence circuit and only singles list-mode data were
acquired. The coincidence detection was done by software
offline. Energy resolution was 14% and timing resolution was
4.4 ns. Therefore, we set the energy window to 400–600 keV
and the coincidence timing window to 10 ns. For the random
correction, we implemented the delayed coincidence method
in the coincidence software. We also set a delayed coincidence
timing window of 10 ns with the delay time of 128 ns.

D. Basic Performance Evaluation

1) Absolute Sensitivity and Spatial Resolution: Absolute
sensitivity and spatial resolution were measured with
a 22Na point source (0.16 MBq) for several positions with
offsets toward the x, y, z, and w directions from the center of
the gantry. We included the w direction for the evaluation in
addition to the basic axes of x, y, and z because the w direction
had the longest FOV width. The measurement was conducted
once for each source location and each measurement time was
300 s. We used the filtered back projection (FBP) and the 3-D
ordered subset expectation maximization (OSEM) [43]–[47]
for image reconstruction. For both cases, we reconstructed
images with and without DOI information to demonstrate the
effect of the DOI detectors on spatial resolution. The voxel
size was 1.5 × 1.5 × 1.5 mm3. For the FBP, using all LORs,
we generated a 3-D sinogram with the radial sampling pitch
of 1.5 mm, the number of radial samplings of 480, the num-
ber of angular samplings of 360, the axial slice thickness of
1.5 mm, and the number of axial slices of 150. An oblique
sinogram was composed for each combination of the axial
slice sampling positions assuming a 360 mm rotation radius.
The maximum oblique angle was 17.3◦. The direct slices of
the 3-D sinogram were formed on the w-y plane, and the
slice direction was set to the v direction (for axis directions,
see Fig. 2) so as to be the same as the open mode of the
small AS-type SROP prototype [6], which had transformable
architecture to the SROP (open mode) and cylindrical PET
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Fig. 4. In-beam experiment setup in HIMAC.

(closed mode). Because the 3-D sinogram had data truncation
depending on azimuthal and elevation angles, we filled the
truncated region by reprojecting an FBP image reconstructed
only from the direct sinograms. Then, the 3-D sinogram with
the truncation regions filled in was converted to a stack of 2-D
sinograms by the Fourier rebinning algorithm [48]. A ramp
filter with no cut-off was applied for each 2-D sinogram.
For the 3-D OSEM, a Gaussian function with the full width
at half maximum (FWHM) of 2.5 mm was used for the
detector response function model. The numbers of subsets
and iterations were 8 and 10, respectively. According to the
NEMA standard [49], spatial resolution was evaluated by mea-
suring the FWHM. We should note that no LOR limitation was
applied both for the FBP and the 3-D OSEM as well as the
sensitivity measurement.

2) Count Rate Performance: Count rate performance was
evaluated using a cylindrical phantom with an inner diameter
of 800 mm, an outer diameter of 900 mm, an inner length of
160 mm, and an outer length of 180 mm. The phantom was
filled with an 18F solution and placed in the center region
with its long axis along the w axis of the SROP system.
Starting with the total radioactivity of 188 MBq, the 10-min
measurement was repeated 30 times at 30-min intervals.

3) Small Rod Phantom Imaging: In order to assess res-
olution performance in iterative image reconstruction, we
measured a small rod phantom, which had a similar struc-
ture to the micro-Derenzo phantom. The former phantom was
composed of an outer hollow cylinder and an inner solid cylin-
der with a diameter of 36.1 mm and a length of 17.8 mm. The
inner solid cylinder had cylindrical hole clusters for contain-
ing radioactivity solution with hole diameters of 1, 1.6, 2.2,
3.0, 4.0, and 4.8 mm, and the holes in each cluster were sep-
arated by a distance equal to the hole diameter. The phantom
was filled with 18F solution having a total radioactivity of
18.6 MBq. The phantom was placed at the center of the FOV
and it was measured in three directions, in which rods were
aligned along w, z, and y directions. For each direction, the
measurement time was controlled so that the total numbers of
decays were almost the same. Images were reconstructed by
the 3-D OSEM with and without DOI information. The num-
ber of iterations was 10 with 8 subsets. Random correction

Fig. 5. Setup for the dynamic entire-body monkey imaging. The dimensions
of the SROP system geometry in the central coronal slice are shown. The
light gray color region indicates the region from which emitted annihilation
photons can be detected.

was applied by the delayed coincidence method. Attenuation
correction was applied by assuming an attenuation coefficient
of 0.1 cm−1 for the shape of the phantom. Scatter correction
was not applied.

E. In-Beam Experiment

We conducted an in-beam imaging experiment using a 12C
beam with several beam intensities in the HIMAC (Fig. 4).
For each measurement, a cuboid polymethyl methacry-
late (PMMA) phantom with the size of 100 × 100 × 300 mm3

was placed at the center of the SROP FOV, which was also
at the isocenter of the HIMAC irradiation port. DAQ was
started before the irradiation and continued for 20 min after
the irradiation ended. The beam had a 3.3-s cycle of spill
on (2.0 s) and off (1.3 s) times, in which the beam was
actually irradiated only during the spill on time. In contrast
to the spill on time in which a lot of prompt gamma rays
were generated, resulting in random coincidence events, we
could extract true coincidence events for the spill off time
in addition to the measurement time immediately after the
irradiation. We irradiated the phantom with the beam inten-
sities of 106, 107, 108, and 109 pps (particles per second).
The beam intensity of 109 is the highest beam intensity avail-
able for clinical treatment in the HIMAC. The beam energy
was 400 MeV/u and 3 spills were irradiated for each mea-
surement. The total numbers of irradiated particles for each
measurement were calculated as 106 × 3.3 × 3, 107 × 3.3 × 3,
108 × 3.3 × 3, and 109 × 3.3 × 3. For the image reconstruc-
tion, the 3-D OSEM with eight subsets and ten iterations was
applied with normalization, random, scatter, and attenuation
corrections. Attenuation and scatter corrections were applied
by assuming an attenuation map filled with the uniform lin-
ear attenuation coefficient of the PMMA for the shape of the
phantom. For reconstructed images, peaks of radioactivity pro-
files in the beam direction were compared with a peak of the
dose profile measured using an ionization chamber in a water
tank and converted to the PMMA equivalent.
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Fig. 6. Schematic illustrations showing the open space for SROP (a) and
DROP (b). A comparison plot of the sensitivity at the FOV center for SROP
and DROP while varying the open space (c). The sensitivity at the FOV center
was estimated by a Monte Carlo simulation normalized with the measured
sensitivity of the DROP system. Measured sensitivities of the SROP system
with the 430-mm open space and the DROP system with the 90-mm open
space [7] are also shown.

F. Dynamic Entire-Body Monkey Imaging

For the animal experiment, the system was moved to an
animal experiment room where such experiments with radioac-
tivity injection were allowed in a radiation-controlled area.
We demonstrated simultaneous total-body monkey imaging by
making full use of the wide oval FOV of the SROP system
having a longitudinal length of the elliptical opening longer
than 900 mm. Fig. 5 shows an experimental setup with the
SROP system geometry. For the illustrated setup, we could
achieve an oval cylindrical FOV with lengths of 782 mm in
the major axis direction and 660 mm in the minor axis direc-
tion. We note that the region in which annihilation gamma rays
are detectable is slightly wider than the area calculated only
using the detector length of 214 mm because of the thick-
ness of the block detector. We measured a male monkey
(Macaca fascicularis, 2.76 kg) while it was lying on a portable
box-type bed under an anesthetized condition, and the top
of the monkey head was fixed with restraints onto the bed.
The monkey was positioned along the w direction with its
head centered at the FOV. The monkey was injected with
50 MBq FDG at the start of the 35-min measurement. The
obtained list-mode data were divided into time frames. The
3-D OSEM with eight subsets and ten iterations was applied
for each frame with normalization, random, scatter and attenu-
ation corrections. The attenuation map used for the scatter and
attenuation corrections was generated by segmenting a PET
image reconstructed without these corrections into monkey-
body regions and other regions. The monkey-body regions
were filled with the water equivalent attenuation coefficient.
This experiment was approved by the local ethical committee
of NIRS-QST and carried out in compliance with the institute’s
animal experimentation guidelines.

III. RESULTS

A. Sensitivity Prediction

Fig. 6 shows the simulation results normalized with the
actual measured sensitivity of the DROP system with the open
space of 90 mm. The predicted sensitivity was 3.1% with
430 mm open space for SROP, which was 1.5 times higher

Fig. 7. Absolute sensitivity measured with offsets along x, y, z, and w
directions.

than for DROP with the same open space. We also plot sen-
sitivity measured at the center of the FOV of the developed
SROP system in the same figure. The predicted sensitivity
agreed well with the measured sensitivity. The results showed
that SROP achieved higher sensitivity than DROP for vari-
ous possible open spaces with the same number of detectors,
and the sensitivity difference became large when the open
space was large. We should note that the DROP with the open
space larger than 100 mm had a discontinuous axial FOV
as it exceeded the axial width of one side of the dual-ring
configuration.

B. Basic Performance Evaluation

1) Absolute Sensitivity and Spatial Resolution:
Fig. 7 shows the sensitivity profiles for the 22Na point source.
The peak sensitivity obtained at the central position of the
FOV was 3.1%, which agreed well with the already men-
tioned sensitivity simulation shown in Fig. 6. Offsets with
sensitivity better than 2% were 180 mm for the y direction
and 250 mm for the w direction, which corresponded to ranges
of 360 mm and 500 mm, respectively. Even with 350 mm
offset, the sensitivity was 0.8% in the w direction, which indi-
cated a 700-mm long wide FOV. We observed a fluctuation
in the w direction which we attributed to be due to the detec-
tor arrangement pattern making a peak at the middle point
between a detector pair and valleys for gaps in neighboring
detectors.

Fig. 8 shows point source images reconstructed by the FBP
and the 3-D OSEM with and without DOI information after
summing all data measured by placing the point source at
several positions. With the DOI information, all the points
were clearly reconstructed while points located off center posi-
tions in y and w directions were blurred. Fig. 9 shows spatial
resolutions as the mean value of the FWHMs in radial, tangen-
tial and axial directions for the reconstructed images. Average
FWHM values with standard deviations for the 3-D OSEM,
3-D OSEM without DOI information, FBP, and FBP with-
out DOI information were 2.6±0.2, 3.8±0.5, 6.5±0.8, and
8.7±2.0 mm, respectively, for all the measured locations;
and, when we considered only offsets less than or equal to
100 mm, those values were 2.6±0.3, 3.4±0.3, 6.0±0.2, and
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Fig. 8. Reconstructed images for point source measurements summed into
one histogram for image reconstruction. Images were reconstructed by 3-D
OSEM with (a) and without DOI information (b) and by FBP with (c) and
without DOI information (d).

7.0±0.5 mm, respectively. The spatial resolution results indi-
cated that, without the DOI information, the larger the offset
was, the lower the spatial resolution except for the z direc-
tion. With the DOI information, the degradation of the spatial
resolution was mitigated for the FBP results, and the spatial
resolution was almost uniform for the 3-D OSEM results.

2) Count Rate Performance: Fig. 10 shows count rate
performance of the SROP system. Event rate for the true and
scatter events (true + scatter) was estimated by subtracting the
delayed event count from the prompt event count. The random
fraction was estimated by dividing the delayed event count by
the prompt event count. Calculating by interpolation, we found
the true + scatter event rates were equal to the random rates
at 116 MBq with the count rate of 880 kcps.

3) Small Rod Phantom Imaging: Fig. 11 shows images of
the small rod phantom reconstructed with and without DOI
information by using the 3-D OSEM with eight subsets and
ten iterations. The central single slice perpendicular to the rod
direction is shown for each reconstructed image. There was

Fig. 9. Spatial resolution (FWHM) measured at several offsets along x (a), y
(b), z (c), and w (d) directions for images reconstructed by FBP without DOI
information (FBP w/o DOI), FBP with DOI information (FBP), 3-D OSEM
without DOI information (3-D OSEM w/o DOI), and 3-D OSEM with DOI
information (3-D OSEM).

Fig. 10. Count rate performance of the SROP system.

Fig. 11. Reconstructed images for the small rod phantom placed along
the w (a), z (b), and y (c) directions. Upper and lower rows show images
reconstructed with (3-D OSEM) and without (3-D OSEM w/o DOI) DOI
information, respectively.

a circular frame in each reconstructed image surrounding the
rods, which was caused by the structure of the phantom hav-
ing a small gap between the outer hollow cylinder and the
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Fig. 12. Coincidence count rates for the in-beam experiments with
PMMA phantom irradiated by 12C beams with several intensities in HIMAC
and measured during and after the irradiation. Only the first 30 s period was
plotted to show the count rate response for the spill on time.

inner solid cylinder. Because of the bias of original liquid
inclusion into the small gaps, there was a truncation in the
circular frame in each image. The images in Fig. 11(a), in
which the rods were aligned along the w direction, were gen-
erated by subsampling to half voxel size and rotating around
the y-axis by 45◦ with bilinear interpolation. Total radioac-
tivity in the phantom at the starting time and measurement
time for measurements with rods along the w, z, and y direc-
tions were 18.6 MBq and 14 min, 16.0 MBq and 16 min,
and 13.3 MBq and 20 min, respectively; and the number of
measured counts (true + scatter) and the random fractions
were 270 M counts and 6.4%, 275 M counts and 5.4%, and
273 M counts and 4.6%, respectively. We note that the true
+ scatter counts were calculated by subtracting delayed coin-
cidence counts from prompt coincidence counts. The results
showed that the 2.2-mm rods were resolved when the rods
were along the z and y directions [Fig. 11(b) and (c)] even
without DOI information. When the rods were along the w
direction [Fig. 11(a)], without DOI information, 2.2-mm rods
were not resolved, and separation of 3.0-mm rods was not
clear. On the other hand, both 2.2-mm and 3.0-mm rods were
resolved with DOI information [arrows in Fig. 11(a)].

C. In-Beam Experiment

Fig. 12 shows coincidence count rates obtained in the in-
beam experiment with 12C beams irradiated in the
HIMAC. When the beam intensity was 108 and 109 pps, the
coincidence count rate was saturated during the spill on time,
while it was not saturated for 106 and 107 pps even during
the spill on time. Except for the spill on time, the coincidence
count rates were proportional to the beam intensity. For each
irradiation, we extracted coincidence list-mode data for the
spill off time and immediately after the irradiation (beam off
time). The numbers of list-mode counts (true + scatter) and
random fractions, respectively, were 11 k counts and 0.07%
for 106 pps, 74 k counts and 0.1% for 107 pps, 829 k counts
and 0.8% for 108 pps, and 7.6 M counts and 4.9% for 109

pps. Fig. 13 shows the images reconstructed from the list-
mode data shown with the shape of the PMMA phantom.

Fig. 13. Images reconstructed for the HIMAC in-beam PET experiment
using 12C beams with several beam intensities of 109 (a), 108 (b), 107 (c),
and 106 (d) pps shown as the x-y slice at z = 0 mm (left) and the y-z slice at
x = −3 mm (right). For each image, boxes colored in black indicate the size
of the PMMA phantom. The orange box in (a) indicates the ROI for profile
analysis.

Fig. 14. Profiles for the doses and reconstructed PET images along the beam
direction with the beam intensities of 109(a), 108(b), 107(c), and 106(d) pps.
Difference of the peaks between the radioactivity average profile and the dose
was 4.6 mm for all case.

We analyzed radioactivity profiles along the beam direction
(x direction) for the region of interest (ROI) indicated in
Fig. 13 for each image. Fig. 14 shows profiles of the radioac-
tivity on images for several beam intensities along the beam
direction plotted with the dose profile measured using the ion-
ization chamber. Differences in peaks of the dose and PET
images were 4.6 mm for all cases.

D. Dynamic Entire-Body Monkey Imaging

For the 35-min measurement, a total of 706 M true + scat-
ter counts with the random fraction of 32% was obtained.
Fig. 15 shows the dynamic image of the monkey obtained
with FDG as the maximum intensity projection (MIP) images
[Fig. 15(a)] and the representative coronal slices, including
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Fig. 15. MIP images (a) and coronal single slice images at y =
−15 mm (b) for each time frame of the dynamic entire-body monkey imaging.

the kidney and bladder [Fig. 15(b)]. Fig. 16 shows the time
activity curve (TAC) for organs. The heart, liver and kidney
of the monkey were clearly imaged at various time frames
after a bolus injection of FDG. Dynamic changes in the tracer
distribution were observed. For example, we observed from
images and the TAC that the concentration in the kidney at
the end of the first 5 min was moved to the bladder.

IV. DISCUSSION

The developed human-sized SROP system had the open
space of 430 mm, which was 4.8 times wider than that of the
human-sized DROP system [7] having a 90 mm open space
at the cost of a 30% sensitivity loss [3.1% absolute sensitivity
at the FOV center (Fig. 7) for the SROP of the 430 mm open
space and 4.4% for the DROP of the 90 mm open space].
We should note that, although the sensitivity was dropped, the
effectiveness of the SROP geometry in achieving 1.5 times

Fig. 16. TACs for monkey organs during the dynamic imaging.

higher sensitivity compared with the DROP geometry com-
posed of the same number of detectors with the same ring
diameter and the same width of the open space was confirmed
by simulation [Fig. 6(c)]. We also note that the measured
sensitivity at the FOV center agreed well with the simulation.

To demonstrate the effectiveness of the DOI detectors for
SROP, we evaluated the spatial resolution with the FBP and
3-D OSEM each with and without DOI information. The spa-
tial resolution of less than 3 mm for the entire FOV was
achieved by the 3-D OSEM while it was significantly degraded
without DOI information. The results showed that the DOI
information was effective for improving spatial resolution even
at the central region within 100-mm offset. This was also
demonstrated by the small rod phantom imaging experiment.
When the rods of the phantom were along the w direction, the
3-mm rods were not clearly resolved without DOI information.
On the other hand, the 3-mm rods were clearly resolved, and
even the 2.2-mm rods were resolved with DOI information.
This was because most of the crystals were oblique for the v
direction and the DOI information was essential for achieving
high spatial resolution along that direction.

We should note that, in this article, we only measured
sensitivity, spatial resolution, and count rate performance for
a quantitative evaluation. The NEMA-based image quality,
count rate, and scatter fraction performance were not mea-
sured. Although we believe the current measurement set was
enough for a proof-of-concept of the human-scale SROP
system, the limitation of this article is the lack of thor-
ough performance measurements. In our future work, we will
assess the applicability of the NEMA protocols to the SROP
system, carry out further performance evaluation in accor-
dance with the protocols for systematic assessment, and make
performance comparisons against other systems. For the com-
parison, the tilted configuration of the SROP system should be
considered, and it would be important to compare performance
measurements regarding the v direction, which were omitted in
this article, with the axial direction of cylindrical PET systems.
The spatial resolution and sensitivity along the v direction and
imaging performance for the rod phantom where the rods are
aligned along the v-direction will be measured.

The system had wheels for easy transport to experiment
rooms with different apparatuses and regulations. Therefore,
we could carry out measurements in the HIMAC and the
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animal experiment room. A human-scale PET system with
such mobility and versatility is unique.

In the HIMAC experiment, we used 12C beams up to the
maximum intensity actually used in cancer treatment. In our
previous experiments using the DROP system [7], we tested
beams only up to 108 pps because the open space was only
90 mm long and too strong a beam could cause severe dam-
age to detectors close downstream in the beam line where
a lot of secondary particles were scattered. The wide-open
space of the SROP system allowed us to use the maximum
beam intensity of 109 pps, and we have observed no dam-
age so far. As a result of the offline software coincidence
detection, we could extract list-mode data for spill off time
and the time immediately after the irradiation, although the
coincidence count rate was saturated during the spill on time.
The reconstructed images showed clear peaks shifted 4.6 mm
toward the proximal position from the dose peak position.
These differences between peaks of the dose of 12C irradia-
tion and the radioactivity produced via nuclear fragmentation
reactions agreed with previous measurements and modeling
results [9], [15]. Therefore, our system had the capability for
in-beam measurement for dose verification at practical particle
therapy conditions.

The FDG monkey dynamic imaging experiment was con-
ducted in the animal experiment room of a radiation-controlled
area. The FOV size was large enough to measure the entire
body of the monkey for the dynamic scan as the sensitiv-
ity profile along the w direction in Fig. 7 showed that the
system had a 700-mm long region with sensitivity of better
than 0.8%. We should note that Fig. 9 showed the region had
almost uniform spatial resolution with DOI information. The
radioactivity distribution changes for individual organs were
observed with sufficient image quality for each time frame.

Because of the wide-open space and mobility, the system
can be used to study the washout effect using ani-
mals [50]–[54]. It has been suggested that radioactive ion
beams are useful for washout studies [55]–[58]. Therefore, our
future work with the developed system will include a washout
study with radioactive ion beams and entire-body scanning of
animals.

Finally, the system has the gantry size large enough for
human subjects and the open space wide enough for a heavy-
ion beam to pass through with a sufficient margin to avoid
radiation damage to detectors. As we showed by Monte
Carlo simulation [59], the online measurement for dose ver-
ification by the SROP system had advantages over offline
measurement. Therefore, we will also make in-beam PET
measurements in a progression toward more precise patient
treatment in HIMAC.

V. CONCLUSION

We developed the multiuse human-scale SROP system hav-
ing the large open space of 430 mm and the wide FOV longer
than 700 mm with sufficiently good sensitivity. The system
can be easily moved to different experiment rooms and that
also allows for multipurpose uses. The system has versatile
capabilities for PET applications requiring high sensitivity and
high spatial resolution throughout the FOV.
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