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Abstract

Objective Although xSPECT Bone (xB) provides quantitative single-photon emission computed tomography (SPECT) high-
resolution images, patients’ burden remains high due to long acquisition time; therefore, this study aimed to investigate the
feasibility of shortening the xB acquisition time using a custom-designed phantom.

Methods A custom-designed xSPECT bone-specific (xSB) phantom with simulated cortical and spongious bones was devel-
oped based on the thoracic bone phantom. Both standard- and ultra-high-speed (UHS) xB acquisitions were performed in a
male patient with lung cancer. In this phantom study, SPECT was acquired for 3, 6, 9, 12, and 30 min. The clinical SPECT
acquisition time per rotation was 9 and 3 min for standard and UHS, respectively. SPECT images were reconstructed using
ordered subset expectation maximization with three-dimensional resolution recovery (Flash3D; F3D) and xB algorithms.
Quantitative SPECT value (QSV) and coefficient of variation (CV) were measured using the volume of interests (VOIs)
placed at the center of the vertebral body and hot sphere. A linear profile was plotted on the spinous process at the center
of the xSB phantom; then, the full width at half maximum (FWHM) was measured. The standardized uptake value (SUV)
and standard deviation from the first thoracic to the fifth lumbar vertebrae in clinical standard- and UHS-xB images were
measured using a 1-cm® VOIL.

Results The QSV of F3D images was underestimated even in large regions, whereas those of xB images were close to actual
radioactivity concentration. The CV was similar or lower for xB images than that for F3D images but was not decreased with
increasing acquisition time for both reconstruction images. The FWHM of xB images was lower than those of F3D images
at all acquisition times. The mean SUV values from the first thoracic to fifth lumbar vertebrae for standard- and UHS-xB
images were 6.73 +0.64 and 6.19 +0.87, respectively, showing a strong positive correlation.

Conclusions Results of this phantom study suggest that xB imaging can be obtained in only one-third of the acquisition
time without compromising the image quality. The SUV of UHS-xB images can be similar to that of standard-xB images
in terms of clinical interpretation.
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Introduction

Bone scintigraphy has been widely used to diagnose bone
metastases and non-oncologic bone diseases. Nowadays,
hybrid imaging using single-photon emission computed
tomography with computed tomography (SPECT/CT) is
used and thereby able to also provide quantitative SPECT
images [1-6]. Among them, xXSPECT Bone (xB) is a new
reconstruction algorithm using five tissue segmenta-
tion images called as zone map, which delineated tissue
boundaries by CT images, resulting in high-resolution
quantitative images [7—11]. The zone map is defined in
five classes: the lung, adipose, soft tissue, spongious bone,
and cortical bone.

Previous studies have revealed that SPECT/CT from
the cervical spine to the pelvis can improve the diagnos-
tic accuracy of bone metastases [12—14]; however, the
scanning requires prolonged examination time, ~ 30 min,
which increases the patient’s burden. Zacho et al. [15] have
reported that the addition of 3 min per bed SPECT/CT to
the planar whole-body scan provides the same diagnos-
tic performance as 11 min. However, although the report
mentioned that the 3 min per bed SPECT/CT images
were significantly less smooth, no assessment of image
quality was performed. Shortening the acquisition time

Fig.1 The custom-designed
xSPECT bone-specific (xSB)
phantom configured with
vertebral body and spinous and
transverse processes. a Frontal
view; b transverse and c sagittal
CT images of the phantom; and
d Sagittal SPECT image of the
phantom
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is challenging in xB images since its matrix size is dou-
ble that of a general SPECT image, resulting in increased
noise levels under the same acquisition time. Furthermore,
previous studies have demonstrated high image resolution
and quantitative performance of xB images at acquisition
times recommended by the manufacturer [11]; however,
acquisition parameters of xB images have not been inves-
tigated due to the lack of optimal phantoms for xB image
assessment.

Therefore, this study aimed to validate the feasibility of
shortening the xB acquisition time. The potential impact of
varying the acquisition time on the quantitative accuracy and
image noise for xB images was assessed in custom-design
phantom studies. Additionally, the standardized uptake value
(SUV) and image noise of one patient with standard and
short acquisition time was analyzed.

Materials and methods

Phantom design

The requirement for ethical review was waived by the medi-
cal ethics review committee of our hospital because of the

nature of this study. We developed a custom-design xSPECT
bone-specific (xSB) phantom based on the thoracic bone

Background
8 kBg/mL

Normal bone

50 kBg/mL

Bone Metastases
200 kBg/mL




Annals of Nuclear Medicine (2022) 36:183-190

185

phantom (Fig. 1) [16]. A particular design of the phantom
was simulated in the cortical and spongious bones of the
zone map used in xB reconstruction algorithm. The verte-
bral body (including the cortical bone, spongious bone, and
bone metastases) and the spinous and transverse processes
contained a bone-equivalent solution of K,HPO, and **™Tc
[17]. The first vertebra was equipped with a 2-mm-thickness
cortical bone (Hounsfield units; HU 1080-50 kBg/mL) and
28-mm-diameter and 27-mm-height spongious bone (HU
100-50 kBg/mL) [2]. The spherical lesions with diameters
of 13, 22, and 28 mm were inserted in the second, third, and
fourth vertebral body, respectively (HU 1080-200 kBq/mL).
The fifth and sixth vertebrae were the reference sections for
the normal (HU 1080-50 kBg/mL) and tumor bone activity
concentrations (HU 1080-200 kBg/mL), respectively.

The patient

We present the case of a male patient with lung cancer who
underwent bone scintigraphy. His pain exacerbated 3 months
after bone scintigraphy; therefore, repeat bone scintigraphy
was performed. At the second bone scintigraphy, the patient
complained of strong pain, which prevented a prolonged
scanning time due to routine xB protocol. On both occa-
sions, the torso SPECT/CT scan was immediately acquired
after a whole-body planar scan at 2.5 h after injecting **™Tc-
hydroxymethylenediphosphonate activity of 740 MBq. Due
to the retrospective study design, informed consent was
obtained from this subject in the form of opt-out.

SPECT/CT data acquisition and reconstruction

All images were acquired using a Symbia Intevo 2 hybrid
SPECT/CT system, equipped with a low-energy high-reso-
lution collimator (Siemens Healthcare, Erlangen, Germany).
SPECT acquisitions were performed using the following
parameters: energy window, 15% at 140 keV; lower sub-
window, 15% for scatter correction; 256 X 256 matrix and
1.0-zoom (witha2.4x2.4 mm? pixel); 120 views over 360 °;
and continuous mode through the elliptical orbit. For phan-
tom studies, SPECT images were acquired for 3, 6, 9, and
12 min. The SPECT image that was acquired for 30 min was
used as a reference. Clinical data were also acquired with
the SPECT/CT system using the same parameters as in the
phantom studies, except for the acquisition time. Acquisi-
tion times of SPECT per rotation were 9 min and 3 min for
the first (standard; std) and second (ultra-high-speed; UHS)
times, respectively.

CT scanning at 130 kV was performed on a 2.0-mm thick
slice, with dose modulation and quality reference of 40 mAs,
pitch 2. CT data were reconstructed using kernels of HO8
SPECT AC for F3D and H31 for xB.

We reconstructed the SPECT images using the following
algorithms: ordered subset expectation maximization with
three-dimensional resolution recovery (Flash3D; F3D) and
xB, both with manufacturer-specific parameters. F3D recon-
structions were performed with subsets two, iteration 24,
and 10-mm Gaussian filter after converting the matrix size
to 128 X 128, a common matrix size for SPECT. In phan-
tom studies, to convert SPECT count density to quantita-
tive SPECT, cylindrical phantom of 22 cm in diameter and
22 cm in height (Kyoto Kagaku, Kyoto, Japan) filled with
9mTe solution of known radioactivity concentration was
used to determine a cross-calibration factor (CCF) using
the GI-BONE software (Nihon Medi-Physics, Tokyo, Japan)
[18]. A dose calibrator (CRC-55tW; Capintec, Ramsey, MN,
USA) for cross-calibration, calibrated with a standard refer-
ence *’Cs source (the measurement error by the manufac-
turer was — 1.3%), was used. The actual quantitative SPECT
value (QSV) for the phantom and SUV for the patient were
calculated as.

QSV (Bg/mL)=CCF (Bg/cps) X count density (cps/mL).

SUV =QSV xBody weight (g) / Injected dose (Bq).

Reconstruction parameters for xB were automatically
optimized using the xRecon program (version VB20; Sie-
mens Healthcare, Erlangen, Germany) for the number of
iterations and the size of the full width at half maximum
(FWHM) of the Gaussian filter depending on counts of pro-
jection data (subsets were fixed at one). Consequently, the
parameters shown in Table 1 were assigned. In the xRecon
program, xB images were reconstructed and converted to
QSVs using system planar sensitivity with a *™Tc point
source [7]. The parameters for the clinical data were also
identically adapted to the phantom conditions.

Data analysis

Phantom studies

The quantitative accuracy of xSB phantom images was
evaluated on the basis of QSVs, and the image noise was

estimated based on the percentage of coefficient of variations
(%CV). QSVs (Bq/mL) were measured using the volume

Table 1 Reconstruction parameters of XxSPECT bone for various
acquisition times

Acq. time (min.)  Subset Iterations Gauss-
ian filter
(mm)

3 1 24 13

6 1 24 13

9 1 48 10

12 1 48 10

30 1 72 10
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of interests (VOIs), which was placed at the center of the
vertebrae and hot spheres. The means and standard devia-
tions (SDs) within VOIs were obtained, and %CV was cal-
culated as SDs divided by the mean. QSVs in the first, fifth,
and sixth vertebrae and 13-, 22-, and 28-mm hot spheres of
the xSB phantom images were measured with VOI setting
using the GI-BONE software. The actual activity concentra-
tion in the xSB phantom was measured using a well counter
(CAPRAC-t; Capintec, Ramsey, MN, USA) and decay cor-
rection. The line profile was drawn on the central slice of the
first lumbar vertebra in the QSV image, and the radioactivity
concentration distribution was assessed. Additionally, spatial
resolution was assessed using the line spread function of the
spinous process. The line profile was plotted on the spinous
process using 10 slices at the center of the xSB phantom, and
FWHM was calculated as the mean of ten slices.

Clinical cases for std- and UHS-xB

Spherical VOIs of 1 cm® were set as a reference to CT
images of the bone window to measure SUVs and SDs from
the first thoracic to the fifth lumbar vertebrae in clinical xB
images using the Syngo Via software (Siemens Healthcare,
Erlangen, Germany). Each of the 17 spherical VOIs was
set at the center of the vertebral body as much as possible
without abnormal accumulation and degenerative changes.
The FWHM was also measured by drawing a profile curve
on the spinous process of the fifth lumbar vertebra.

Statistical analysis

The Friedman test was used to analyze the impact of acquisi-
tion time on QSVs and %CV. The QSVs in the F3D and xB
images were compared using Wilcoxon signed-rank tests
after evaluating the non-normal distribution using Shap-
iro—Wilk tests. Correlations between the SUVs of std-xB and
UHS-xB were analyzed using Pearson’s correlation coef-
ficients. Differences in SDs of std-xB and UHS-xB were
analyzed using paired 7 tests. A p value of <0.05 was con-
sidered significant. All data were statistically analyzed using
the IBM SPSS statistics version 27 (IBM Corp., Armonk,
NY, USA).

Results
Phantom studies

Figure 2 presents F3D and xB images at each acquisition
time. The 13-mm sphere and intervertebral space were
observable in xB but were undetectable in F3D. The noise
and background of the spinous process were improved by
increasing the acquisition time in F3D images. Radioactiv-
ity concentrations of the cortical and spongious bones in
the first vertebra were almost similar, whereas those of the
cortical bone with high HU were decidedly higher than those
of the spongious bone in xB images. In F3D image, the high-
est value was observed at the center of the homogeneous

» .
. .
’ " B

Fig.2 Sagittal image of the custom-designed xXSPECT bone-specific (xSB) phantom. Flash3D images (top row) and xSPECT bone images (bot-
tom row). The acquisition times are 3, 6, 9, 12, and 30 min from left to right
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accumulation; however, in the xB images, the border of the
fifth vertebra revealed a higher density than the center. The
impact of acquisition time was not visually observed for xB
images.

QSVs of both F3D and xB images were independent of
the acquisition time (Fig. 3a, b), which were significantly
higher in xB images than those in F3D images in regions
other than the first vertebra. The QSVs of F3D were signifi-
cantly underestimated even for the relatively larger regions
of the first, fifth, and sixth vertebrae. However, the QSVs
of xB images were similar to the true values, except for the
underestimation in the first vertebra covered by the cortical
bone and the small region of the 13-mm sphere. The %CV
revealed similar or lower values of xB than F3D, except that
xB was higher in the 13-mm sphere (Fig. 3¢, d). No reduc-
tion in %CV was observed with prolonged acquisition time
for either reconstruction method.

Fig.3 Radioactivity concentra-

The profile curves of the first lumbar vertebra in F3D
and xB images for each acquisition time are illustrated
in Fig. 4. The F3D image was underestimated, whereas
the xB image was overestimated, especially at both
boundaries.

The FWHM of the spinous process in F3D images
was 19.4+1.2, 18.8+1.1, 18.0+0.7, 17.4+0.8, and
17.7+0.5 mm at 3-, 6-, 9-, 12-, and 30-min acquisition
times, respectively. Similarly, the FWHM of xB images
was 14.3+0.8, 15.7+0.7, 13.5+0.8, 12.8+0.2, and
12.6 +0.2 mm at 3-, 6-, 9-, 12-, and 30-min acquisition
times, respectively. The FWHM of xB was lower than
that of F3D at all acquisition times; moreover, the FWHM
decreased with increasing acquisition time and exhibited
almost the same value at 12 and 30 min for both recon-
struction methods.
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Clinical cases for std- and UHS-xB

Abnormal accumulation in the left fifth rib, left iliac,
and left lesser trochanter of the femur, and degenerative
changes in the right first rib, sixth, and seventh thoracic
vertebrae and the third and fourth lumbar vertebrae are
revealed on std-xB and UHS-xB images (Fig. 5). The
nuclear medicine physician interpreted the second bone
scintigraphy, including whole-body planar images, general
SPECT/CT images, and xB images, as increased accumu-
lation due to bone metastases in the left iliac bone and
left fifth rib, decreased accumulation in the right greater

- b * 9218
o
' R “1415
592 =
e f
L 19.42
:

Fig.5 Clinical images are shown from left to right; maximum inten-
sity projections (MIP) images of xSPECT bone (a, e), MIP images of
Flash3D (b, f), anterior (c, g), and posterior (d, h) whole-body planar
images. Upper row: standard acquisition time; lower row: ultra-high-
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tubercle of the humerus, and unchanged degenerative
changes in the thoracic and lumbar spine as compared
with the first. The mean SUVs in the first thoracic to fifth
lumbar vertebrae without any abnormal accumulation and
degenerative changes for std-xB and UHS-xB images were
6.73+0.64 and 6.19+0.87, respectively. With »=0.845,
a strong positive correlation was observed in the results
(Fig. 6). The mean SDs in the first thoracic to fifth lum-
bar vertebrae for std-xB and UHS-xB were 0.90+0.26
and 0.66 +0.21, respectively, which were significantly
lower for UHS-xB than for std-xB. The FWHM of the
fifth lumbar vertebra in the std-xB and UHS-xB images
were 10.3 mm and 10.8 mm, respectively.

c 3 d

‘ .
- =
. 3

B e g

speed acquisition time (the acquisition time of whole-body planar
images is equal). Numerical values noted for reference indicate the
standardized uptake value (SUV)
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Fig.6 Correlation of SUV between the standard and ultra-high-speed
xSPECT bone images from the first thoracic to the fifth lumbar ver-
tebrae

Discussion

Our study investigated the feasibility of adapting a UHS
protocol for xB acquisition using the xXSB phantom. In the
phantom study, visual impression, QSV, and %CV did not
significantly differ depending on the acquisition time for
both F3D and xB images. However, xB images revealed sig-
nificantly superior performance than F3D images, especially
in the 13-mm sphere. Remarkably, UHS-xB images revealed
superior noise characteristics than std-xB images.

xB images showed no significant impact on QSV and
%CV under the acquisition times available in clinical prac-
tice even in 3 min. Previous studies on SPECT/CT have
reported that F3D images with the 3-min acquisition are
comparable to those with 11-min in terms of diagnostic per-
formance [15]. Additionally, another study has revealed that
xB images have higher resolution and quantitative accuracy
than F3D images [11]. xB images with doubled matrix size
than F3D requires an eightfold increase in acquisition time
to obtain the same noise level. Nevertheless, the %CVs of
xB were superior to those of F3D, except for the 13-mm
sphere. The superior %CV of F3D for the 13-mm sphere was
probably because the sphere was not ever detected owing to
low-resolution characteristics with F3D. The 13-mm sphere
cannot be detected in F3D images [19]. This is probably
because the reconstruction algorithm of xB is completely
different from that of F3D, and reconstruction parameters
are optimized according to the count density [7]. Due to
the slight accumulation of the left femoral lesser trochanter,

SUVs of std- and UHS-xB images were higher than those
of std- and UHS-F3D images (Fig. 5). Considering that the
SUV of the normal bone is 6.2-7.0 as the threshold level
[3, 5], the accumulation interpretation may differ between
F3D and xB images. The most important factor in bone
scintigraphy images is the ability to detect smaller or lower-
contrast accumulations, although the quantitative accuracy
in SPECT images and noise characteristics are also impor-
tant. The 13-mm sphere in the phantom image is observed
in xB images, and the accumulation in the lesser trochanter
of the femur in clinical images is more clearly interpreted
than in F3D or whole-body images even in the UHS-xB
image. However, the cortical bone in the first vertebra of
xSB phantom images was over-accumulated, which may
be a specific characteristic of the xB algorithm, creating a
zone map based on the HU and estimates the count distri-
bution for individual zones, as shown in our xSB phantom
study. The xB image may overestimate the accumulation
with high HU, such as degenerative changes, and the hyper-
ostosis of the vertebral body was also clearly accumulated
on xB clinical images [9, 20]. Although this is not clini-
cally significant, determining the distribution accuracy of
radiopharmaceuticals or an artifact specific to xB algorithm
is difficult; therefore, the validation of the algorithm and
optimization of acquisition and/or reconstruction parameters
using a specific phantom are important.

Using the xSB phantom in this study would be more suit-
able to validate xB algorithm than previous studies using
other phantoms. Miyaji et al. reported the optimization of xB
reconstruction parameters using a custom-design phantom
for bone SPECT evaluation and bone-equivalent radioac-
tive solution [11]. The report concludes that the optimized
parameter for xB reconstruction is one subset of 48 itera-
tions with a 6-mm Gaussian filter in their phantom studies.
Our results demonstrated that almost similar reconstruction
parameters were used for the 12-min acquisition data. How-
ever, the acquisition of xB images from the cervical spine to
the pelvis requires a prolonged acquisition time of > 30 min;
hence, it should be shortened as much as possible. Further-
more, no previous studies have evaluated phantom, and even
if they did, due to the use of a specific concentration of a
bone-equivalent solution, the artifact of over-accumulation
with high HU was not clarified.

Although xB reconstruction, which automatically adjusts
iterations and the FWHM of the Gaussian filter according
to the total counts, was maintained at the %CV constant
independent of the total counts, it might still be consid-
ered a problem in maintaining the quantification accuracy
[21]. Particularly, image reconstruction parameters strongly
affect smaller accumulations. Shortening the acquisition
time slightly degrades the image resolution in xB images.
However, image resolution and quantification of xB images
are much better than those of F3D images acquired with
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sufficient acquisition time. In clinical images, SUV tended
to be higher in std-xB than in UFS-xB, although whether
this was due to factors other than acquisition time and recon-
struction parameters cannot be determined since the exami-
nation period was different. Further optimization of UFS-xB
reconstruction parameters may lead to better harmonization
with the SUV of std-xB in the future. This study will be a
useful step to investigate the acquisition parameters of xB.

This study is limited because we used the number of
iterations and the FWHM of the Gaussian filter, which is
automatically adjusted according to the total count as recom-
mended by the manufacturer during image reconstruction.
No harmonized SUV may be obtained without fixed image
reconstruction parameters for quantitative SPECT images.
Additionally, since our study was designed for osteogenic
bone metastases, osteolytic bone metastases were not inves-
tigated. In the future, more clinical xB images should be
obtained in further studies.

Conclusions

Our results suggest that xB imaging can be acquired in
one-third of the scan time without compromising the image
quality based on the xSB phantom data. Compared to the
standard acquisition time, the SUV of UHS-xB images may
be greatly similar in terms of clinical outcomes.
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