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This study investigated the spatial resolution and image quality of
the continuous-bed-motion (CBM) method in a sensitive silicon
photomultiplier–based PET/CT system compared with the tradi-
tional step-and-shoot (SS) method. Methods: A PET/CT scanner
was used in this study. Data acquisition using the SS method was
performed for 3 min per bed position. In the CBM method, the bed
speed ranged from 0.5 to 3.3 mm/s. The acquisition time equivalent
to the SS method was 1.1 mm/s for 2-bed-position ranges and 0.8
mm/s for 7-bed-position ranges. The spatial resolution was investi-
gated using 18F point sources and evaluated using the full width at
half maximum. Image quality was investigated using a National
Electrical Manufacturers Association International Electrotechnical
Commission body phantom with 6 spheres 10, 13, 17, 22, 28, and
37 mm in inner diameter. The radioactivity concentration ratio of the
18F solution in all spheres and the background was approximately
4:1. The detectability of each sphere was visually evaluated using a
5-step score. Image quality was physically evaluated using the
noise-equivalent count rate, contrast percentage of the 10-mm hot
sphere, background variability percentage, and contrast-to-noise
ratio. Results: The spatial resolution was not affected by the differ-
ence in acquisition methods or bed speeds. The detectability of the
10-mm sphere with a bed speed of 2.2mm/s or faster was signifi-
cantly inferior to that of the SS 2-bed-position method. In evaluat-
ing image quality, we observed no significant difference in contrast
percentage among the acquisition methods or speeds in the CBM
method. However, the increasing bed speed in the CBM method
increased the background variability percentage and decreased
the noise-equivalent count rate. When comparing the SS 2-bed-
position method with the CBM method at 0.8 mm/s, we observed
no significant differences in any parameters. Conclusion: In
whole-body PET images obtained with a silicon photomulti-
plier–based PET/CT scanner, the CBM method provides spatial
resolution and image quality equivalent to the SS method, with
the same acquisition time.
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The step-and-shoot (SS) method has traditionally been used
for PET data acquisition; however, the continuous bed motion
(CBM) method was recently developed. In the SS method, mul-
tibed data are sequentially acquired only when the bed is sta-
tionary, not when the bed is moving (1–10). More than 1 min is
wasted in a whole-body acquisition. Moreover, the axial acqui-
sition range is determined by the number of bed positions,
resulting in an unnecessary acquisition range and radiation
exposure in a CT scan. In the CBM method, the bed continu-
ously moves to acquire data (2–10), the axial acquisition range
can be determined in a 0.1-mm unit, and the bed speed can be
changed according to the body part (2,3,6,8,9). Moreover, gen-
erating a whole-body image by adding several fast whole-body
scans should be useful if an examination is interrupted by
patient motion or pain (7,11). It has been reported that patients
preferred continuous bed movements over SS movements (6).
Therefore, the CBM method may replace the SS method
because of the flexibility of the PET examination for each
patient. The usefulness of the CBM method in PET/CT using a
photomultiplier tube system has been studied (2–11). Differ-
ences between the SS and CBM methods did not significantly
affect SUVmax or SUVmean in phantoms or tumors in clinical
examinations (3,4,6–9). In contrast, the SS method has been
reported to be superior to the CBMmethod in terms of variabil-
ity in the background region (4,9).
Silicon photomultipliers (SiPMs), which are a type of

semiconductor detector, were recently applied instead of the
traditional photomultiplier tube in PET/CT scanners (12–14).
Compared with conventional photomultiplier tube–based
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PET scanners, SiPM-based PET scan-
ners achieved a high gain and faster
time response. This feature improves
the sensitivity and time-of-flight tim-
ing resolution, thus resulting in good
image quality, a short examination time,
and a decrease in administered dose and
radiation exposure (15–17). With these
advantages, the CBM method using
SiPM-based PET/CT scanners is ex-
pected to provide the same sufficient
image quality with flexible examina-
tions. However, the usefulness of the
CBM method in SiPM-based PET/CT
scanners has not been studied.
In this study, we investigated the

image quality of the CBM method com-
pared with the conventional SS method
in SiPM-based PET/CT systems. Moreover, we evaluated the
influence of varying bed speeds on image quality.

MATERIALS AND METHODS

PET/CT Scanner
PET data were acquired using a Biograph Vision PET/CT scanner

(Siemens Healthineers). The PET system has 8 rings based on 38
detector blocks with lutetium oxyorthosilicate (Lu2SiO5:Ce) crystals
(3.23 3.23 20 mm) and 6,400 crystals per ring. The transverse field
of view was 700 mm, and the axial field of view was 263 mm. The
spatial resolution at 1 cm was 3.7 mm in full width at half maximum
(FWHM). The time-of-flight timing resolution was 214 ps, and the
coincidence time window was 4.7 ns. These values were reported by
the manufacturer. The CT system has 64 rows, and the rotation time
was 0.33 s. CT images can be obtained using the following parame-
ters: 70–120 kV, 20–666 mA, 0.5-s tube rotation, 0.8 pitch, and a
0.6-mm slice collimation. In this study, the voltage was 120 kVp and
the tube current was set by CT automatic exposure control.

Point Source Phantom
The spatial resolution was investigated using 18F point sources.

One microliter of 18F solution was put into glass capillaries with
an inner diameter of 0.70 mm and an outer diameter of 0.97 mm.
The radioactivity concentration was 30 MBq/mL. Point sources
were placed at transaxial positions (1, 0), (10, 0), and (0, 10) cm
on the same z-position.

Body Phantom
Image quality was investigated using a National Electrical Manu-

facturers Association (NEMA) International Electrotechnical Com-
mission body phantom (Data Spectrum Corp.) with 6 spheres of 10-,
13-, 17-, 22-, 28-, and 37-mm inner diameter. The body phantom
was an acrylic phantom that mimicked the torso of a human weigh-
ing 60 kg. The body phantom had a long diameter of 300 mm, a
short diameter of 230 mm, a circumference of 840 mm, a height of
180 mm, and a volume of 9.7 L (Supplemental Fig. 1; supplemental
materials are available at http://jnmt.snmjournals.org). The radioac-
tivity concentration of 18F solution in all spheres and the background
was approximately 10.6 and 2.65 kBq/mL (ratio of 4:1), respectively.
The radioactivity concentration was measured using an automatic
well g-counter (AccuFLEX g7001; Hitachi Aloka Medical, Ltd.).

Data Acquisition and Image Reconstruction
In the SS method, data are acquired for 3 min/bed position 3 1

bed position and 3 min/bed position 3 2 bed positions in list
mode according to the paper by Tsutsui et al. (15). The 1-bed-
position acquisition was for the standard acquisition, whereas the
2-bed-position acquisition was for the overlapping acquisition.
The overlap in multibed acquisitions was 49.8%, as determined by
the manufacturer to improve the sensitivity distribution in the
z-axis. In the CBM method, bed speeds of 0.5, 0.8, 1.1, 2.2, and
3.3 mm/s were investigated. Whole-body acquisition from the top
of the head to the mid thigh usually require 7 or 8 bed positions in
the standard SS method among Japanese institutions. The regional
acquisition time of 0.8 mm/s in the CBM method was consistent
with that of 8-bed acquisition at 3 min/bed position in the SS
method. The 1.1 mm/s bed speed was consistent with a 2-bed-
position acquisition at 3 min/bed position in the SS method.
In the spatial resolution investigation, PET images were recon-

structed using filtered backprojection. The image matrix was 440 3

440 (1.65 3 1.65 mm), and the slice thicknesses were 1.65, 3.00,
and 5.00 mm. Attenuation and scattering corrections were not used.
In the image-quality investigation, PET images were reconstructed
using ordered-subsets expectation maximization with point-
spread-function correction and time-of-flight information. This
study used 3 iterations and 5 subsets for the NEMA body phantom.
Three iterations were done in accordance with our previous report
(15). The Biograph Vision uses 5 subsets by default; this is fixed
by the manufacturer and is unchangeable. CT attenuation correc-
tion was performed. Scatter correction was performed using single-
scatter simulation. A gaussian filter was not used. The image
matrix was 440 3 440, and the slice thickness was 1.65 mm.

Measurement of Spatial Resolution
The spatial resolution was evaluated using the FWHM. Profile

curves of each point source in the x-, y-, and z-directions were created
passing through the highest-count pixel on the highest-count slice
using ImageJ (National Institutes of Health). In the profile curve,
the maximum count was determined by a parabolic approximation
using 1 point with the highest pixel count and 2 adjacent points. The
FWHM of the 3 directions in each position was calculated by linearly
interpolating between adjacent pixels at half the maximum value of
the response function. FWHM x(a,b) is FWHM in the x-direction at

SS (3 min/bed) CBM

1.65 mm

3.00 mm

5.00 mm

Axial

Coronal

1.65 mm

3.00 mm

5.00 mm

1 bed 2 bed 0.5 mm/s 1.1 mm/s0.8 mm/s 2.2 mm/s 3.3 mm/s

FIGURE 1. PET images of point source at coordinates (0,1) cm. Upper figure shows
axial images, and lower one shows coronal images. No visual difference was observed
among acquisition methods, whereas coronal images extended along with increase in
slice thickness.
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position (a,b). The spatial resolution was evaluated using a FWHM of
1 cm in the transverse direction, 10 cm in the transverse radial direc-
tion, and 10 cm in the transverse tangential and axial directions. These
were calculated using the following equations:

・ FWHM1 cm ¼ fFWHM xð0,1Þ þ FWHM yð0,1Þg=2
・ FWHM10 cm radial ¼ fFWHM xð10,0Þ þ FWHM yð0,10Þg=2
・ FWHM10 cm tangential ¼ fFWHM yð10,0Þ þ FWHM xð0,10Þg=2
・ FWHMaxial ¼ fFWHM zð0,1Þ þ FWHM zð0,10Þ þ FWHM zð10,0Þg=3:

Assessment of Image Quality
The detectability of each sphere was visually evaluated using a

5-step score (1, not absolutely visualized; 2, may not be visualized;

3, uncertain; 4, may be visualized; and 5, absolutely visualized) by a
board-certified nuclear medicine physician and 2 radiologic technolo-
gists. Scores were averaged for each sphere. Fukukita et al. reported
that they decided to use the score of the 10-mm sphere as the refer-
ence value because image quality and spatial resolution are most
affected by the ability to visualize the 10-mm sphere (18). Therefore,
we evaluated the visual scores of mainly the 10-mm sphere. Interob-
server agreement was evaluated using the k-coefficient.
In the NEMA body phantom PET images, the slice in which the

hot sphere was most clearly observed was designated as the center
slice. A region of interest (ROI) on the 10-mm hot sphere was
placed in the center slice with the same inner diameter. Twelve
circular ROIs with diameters of 10 and 37 mm were placed in the
background on the center slice at 61 cm and 62 cm from the
center slice (60 ROIs in total). According to the phantom test pro-
cedure for whole-body PET imaging with 18F-FDG (18), the
noise-equivalent counts, contrast percentage of the 10-mm hot
sphere, background variability percentage, and contrast-to-noise
ratio were calculated using the following equations. True, scatter,
and random coincidences were acquired from a sinogram header,
and the scatter fraction and random scaling factor were acquired
from a default value. These processes were performed using
PMOD software (version 3.8; PMOD Technologies LLC).

NECphantom ¼ ð12SFÞ2 ðT þ SÞ2
ðT þ SÞ þ ð1þ kÞfR ðMcountsÞ

f ¼ Sa
pr2

,

where NECphantom is the noise-equivalent counts and T, S,
and R correspond to true, scatter, and random coincidences
acquired within the scanning period, respectively. Moreover,
SF and k are the scatter fraction and random scaling factor,
respectively. The scatter fraction of Biograph Vision scanners
is fixed at 0.39 by the manufacturer. The k is set to 0 because
we used variance reduction techniques for estimating a
smooth random distribution (18). The f is the ratio of object
size to field of view. Sa is the cross-sectional area of the phan-
tom. Finally, r is the radius of the detector ring diameter.

QH; 10 mm ¼ CH; 10 mm=CB; 10 mm 21
aH=aB21

3100 ð%Þ,

where CH,10mm is the average count in the ROI for a 10-mm
sphere, CB, 10mm is the average count of the 60 background ROIs
of 10-mm diameter, and aH and aB are the radioactivity concentra-
tions in the hot sphere and background, respectively.

N10 mm ¼ SD10 mm

CB; 10 mm
3100 ð%Þ

SD10 mm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXK

k¼1
ðCB; 10mm; k2CB; 10 mmÞ2=ðK21Þ

q
,K ¼ 60,

where SD10mm is the SD of the background ROIs of 10-mm
diameter and N10mm is the background variability percent-
age (contrast-to-noise ratio):

Q10 mm=N10 mm:

Statistical Analysis
JMP Pro, version 15 (SAS Institute Inc.), was used for statistical

analysis. The Tukey test was used to analyze the significance of
the differences between the SS 2-bed-position method and the
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FIGURE 2. Comparison of FWHMs in axial plane of 1 cm radial
(A), 10 cm radial (B), and 10 cm tangential (C). They did not signif-
icantly differ between SS and CBM methods or among different
bed speeds in CBM method even when slice thickness was
changed. n.s.5 not statistically significant.
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CBM method at each bed speed. P values of less than 0.05 were
used to denote statistical significance.

RESULTS

Comparison of the Spatial Resolution
Figure 1 shows the PET images of point sources at position

(0,1) cm. In the axial images, the shape and size did not differ
among acquisition methods or bed speeds. In the coronal
images, the image extended in the body axis direction in associa-
tion with an increase in slice thickness. However, no differences
in shape or size were seen among the different bed speeds.
Figure 2 shows the FWHM of the x- and y-directions.

No significant differences in the 1-cm FWHM, 10-cm radial
FWHM, or 10-cm tangential FWHM were observed
between the SS and CBM methods. Moreover, the dif-
ference in the FWHM results when varying the slice
thickness was insignificant. Figure 3 shows the axial

FWHM. As the slice thickness in-
creased, the axial FWHM significantly
increased. However, no significant dif-
ference in the axial FWHM was ob-
served between the SS and CBM
methods or among the various bed
speeds in the CBM method.

Assessment of Image Quality
Figure 4 shows the PET images of the

NEMA body phantom in the SS and
CBM methods. In the SS method, the
clarity of the hot spheres and back-
ground variability were not visually
different between 1-bed-position and
2-bed-position acquisitions. In the CBM
method, the background variability in-
creased as the bed speed increased.
Figure 5 shows the results of the visual
evaluation. The detectability of the
10-mm sphere with bed speeds faster
than 2.2 mm/s was significantly inferior
to that with the SS 2-bed-position
method (P , 0.05). In the SS method,

the score of the 10-mm sphere was above 4. In the CBM
method, the bed speed should be 1.1 mm/s or slower to
exceed the 10-mm sphere score of 3. Interobserver agree-
ment was moderate (k 5 0.55).
Figure 6 compares the noise-equivalent counts. In the CBM

method, the noise-equivalent counts decreased as the bed speed
increased. The noise-equivalent counts in the CBM method
with a bed speed of 1.1 mm/s or faster were significantly infe-
rior to those in the SS 2-bed-position method (P , 0.05). Fig-
ure 7 shows the results of the physical assessment of image
quality. No significant difference in contrast percentage of the
10-mm hot sphere was observed between the SS and CBM
methods or among the various bed speeds in the CBM
method (Fig. 7A). Figure 7B compares the background
variability percentage. In the SS method, no difference in
background variability percentage was observed between
1-bed-position and 2-bed-position acquisitions. In the CBM
method, background variability percentage increased as bed

speed increased. The background vari-
ability percentage in the CBM method
with bed speeds of 1.1 mm/s or faster
was significantly inferior to that in the
SS 2-bed-position method (P , 0.05).
Figure 7C compares the contrast-to-
noise ratio. The contrast-to-noise ratio
did not differ within the SS method,
whereas in the CBM method, it de-
creased as the bed speed increased.
The contrast-to-noise ratio in the CBM
method with bed speeds of 2.2 mm/s
or faster was significantly lower than
that in the SS 2-bed-position method
(P , 0.05).
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FIGURE 3. Comparison of FWHMs of body axial direction. They did not significantly
differ among different acquisition methods and bed speeds, whereas FWHM significantly
increased in thicker slices.
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FIGURE 4. PET images of body phantom using SS method (top) and CBM method
(bottom). In CBM method, images with faster bed speeds show high background
variability.
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DISCUSSION

Using the SiPM-based PET/CT scanner, the spatial resolu-
tion did not significantly differ between the SS and CBM
methods or among the different bed speeds in the CBM
method even when the slice thickness was changed. The
noise-equivalent counts decreased as the bed speed increased
in the CBM method. In assessing image quality, we found
that the background variability significantly increased as the
bed speed increased. However, the contrast of the hot sphere
did not differ among acquisition methods or bed speeds.
The spatial resolution did not significantly differ between

the SS and CBM methods or among the bed speeds in the
CBM method. In the coronal planes, the FWHM increased

as the slice thickness increased, but
no significant difference was observed
between the acquisition methods or
among the different bed speeds. Because
the PET data were acquired during
continuous movement in the CBM
method, image blurring was considered
to increase the body axial FWHM. Fur-
thermore, the increase in bed speed was
also considered to exacerbate the spatial
resolution. In the CBM method, when
the bed position was shifted by a dis-
tance equal to the separation between
sinogram planes, the events from the
same detector were assigned to the next
image plane. In the scanner used in this
study, the CBM method data were
separated and organized by the same
axial sampling of 1.65 mm as in the

SS method (5). Objects smaller than the pixel size were
distributed uniformly over the entire pixel rather than at
the center of the pixel. Thus, no significant difference was
observed when the bed speed was changed by this func-
tion. In the transverse slice, the FWHM did not change
when the slice thickness was increased because the pixel
sizes were all the same.
The noise-equivalent counts using the NEMA body phan-

tom showed no significant difference between the SS 2-bed-
position acquisition and 0.8 mm/s using the CBM method.
The noise-equivalent counts decreased as the bed speed
increased. Because the acquisition time decreased as the
bed speed increased, the noise-equivalent counts decreased
because of reduced coincidence counts. This result is con-

sistent with that reported previously
(7,15). The background variability also
increased as the bed speed increased.
The increase in variability with de-
creasing counts is consistent with that
reported previously (15,19). Regarding
background variability, the SS method
on the photomultiplier tube– based
scanner was significantly superior to
the CBM method using the same acqui-
sition time (4,9). In contrast, that of the
SS method was comparable to that of
the CBM method on the SiPM-based
scanner in this study. The improvement
of the scanner’s sensitivity and exten-
sion of the axial field of view in the
SiPM system in this study is considered
to improve the image quality of the
CBM method. The visibility of the
10-mm hot sphere did not differ be-
tween the SS 2-bed-position acquisition
and 0.8 mm/s using the CBM method,
and the visual score decreased as the
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FIGURE 6. Noise-equivalent counts of SS and CBM methods. In CBM method,
noise-equivalent counts significantly decreased as bed speed increased. Bed
speeds of 1.1 mm/s or faster showed significantly inferior noise-equivalent count to
that in SS 2-bed-position method. NECphantom 5 noise-equivalent counts.
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bed speed increased. This is probably due to the increase in
noise caused by the decrease in coincidence counts (20). The
contrast values remained the same at all bed speeds. This ten-
dency was also shown in a past study (9,15).
This study had some limitations. First, the number of bed

speeds examined was limited. An examination with further
varieties in bed speeds might reveal the appropriate bed speed
equivalent to the SS method. Second, the CBM method was
performed in only a single way. The image quality of the
summed to-and-fro pass images should be examined. Third,
the axial sampling size was fixed at 1.65 mm. A smaller axial
sampling size may improve axial spatial resolution. Lastly,

further clinical examinations should be conducted to compare
the SS and CBM methods.

CONCLUSION

For SiPM-based PET/CT systems, image quality metric
results were comparable between the SS method for
3 min/bed position and the CBM method for speeds of
0.8 mm/s at almost the same acquisition time in whole-
body acquisitions. It is expected that the CBM method
will be chosen in some cases depending on the combina-
tion of bed speeds.
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KEY POINTS

QUESTION: Can the CBM method preserve the spatial
resolution and image quality of the traditional SS method
in an SiPM PET/CT scanner?

PERTINENT FINDINGS: No difference in spatial resolution
or image quality was observed between the SS method
and the CBM 0.8 mm/s method at similar acquisition times
in whole-body acquisitions.

IMPLICATIONS FOR PATIENT CARE: Since the CBM
method preserves the same image quality as the SS
method and provides a more flexible examination, it is
expected to be widely used in future when whole-body
acquisitions are performed with semiconductor PET/CT
systems.
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1.1 mm/s or faster showed background variability percentage
significantly inferior to that in SS method. (C) Contrast–noise ratio
in CBMmethod with bed speeds of 2.2 mm/s or faster was signif-
icantly lower than that in SS 2-bed-position method. N10mm 5

background variability percentage; QH,10mm 5 contrast percent-
age of 10-mm hot sphere; QH,10mm/N10mm 5 contrast-to-noise
ratio.
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