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Abstract
This study aimed to evaluate the effects of dipotassium hydrogen phosphate (K2HPO4) solution density on single-photon 
emission computed tomography (SPECT) image quality and quantification. We used a JSP phantom containing six cylinders 
filled with K2HPO4 solutions of varying densities. Computed tomography (CT) was performed, and CT values and linear 
attenuation coefficients were measured. Subsequently, SPECT images of an SIM2 bone phantom filled with 99mTc with/
without K2HPO4 solution were acquired using a SPECT/CT camera. The full width at half maximum (FWHM), percentage 
coefficient of variation (%CV), recovery coefficient, and standardized uptake value (SUV) were evaluated to investigate the 
impact of the K2HPO4 solution density. The CT values and linear attenuation coefficients increased with the K2HPO4 solu-
tion density. The CT values for cancellous and cortical bones were reflected by K2HPO4 solution densities of 0.15–0.20 and 
1.50–1.70 g/cm3, respectively. FWHM values were significantly lower with the K2HPO4 solution than those with water alone 
(18.0 ± 0.9 mm with water alone, 15.6 ± 0.2 mm with 0.15 g/cm3 K2HPO4, and 16.1 ± 0.3 mm with 1.49 g/cm3 K2HPO4). 
Although the %CVs showed no significant differences, the recovery coefficients obtained with water alone tended to be 
slightly lower than those obtained with the K2HPO4 solution. The SUV obtained using the standard density of the K2HPO4 
solution differed from that obtained using the optimized density. In conclusion, SPECT image quality and quantification 
depends on the presence and concentration of the bone-equivalent solution. The optimal bone-equivalent solution density 
should be used to evaluate the bone image phantoms.
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1  Introduction

Single-photon emission computed tomography (SPECT) 
helps diagnose and evaluate various bone diseases and 
metastases found on bone scintigraphy [1–4]. However, 
bone SPECT image quality and quantification are strongly 

affected by acquisition conditions, reconstruction parame-
ters, and several image corrections [5, 6]. Therefore, several 
studies using commercially available thoracic spine phan-
toms, such as the SIM2 bone phantom, have been performed 
to evaluate this novel technology, provide new evidence, and 
improve consistency in practice [7–9].

The SIM2 bone phantom (Kyoto Kagaku Co., Ltd., Kyoto, 
Japan) was developed by Ichikawa et al. to evaluate bone 
SPECT image quality and quantification accuracy [10]. It 
simulates the thorax, including the spine, tumor, mediasti-
num, and lungs. It consists of a dipotassium hydrogen phos-
phate (K2HPO4) solution with 99mTc to mimic the vertebrae, 
tumors of the spine, and spinous and transverse processes. 
K2HPO4 is a bone-equivalent solution with a composi-
tion comparable to that of cranium [11]. In most cases, the 
K2HPO4 solution is prepared by dissolving 100 g of K2HPO4 
in 67 g of distilled water [12, 13]. However, the human body 
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has two types of bone tissue: cortical and trabecular. The 
vertebrae are primarily trabecular bones. CT yields highly 
variable Hounsfield unit (HU) values, ranging from 300 
to 3000 (trabecular bone, approximately 300 HU; cortical 
bone, approximately 1200 HU), for bone tissue [14]. In CT 
attenuation correction (CTAC), linear attenuation maps are 
generated to use the HU values that are converted to attenu-
ation coefficients to correct the emission data for photon 
attenuation. HUs are defined by the physical density of the 
tissues and the atomic number of the constituent elements. 
They are proportional to the absorption/attenuation of pho-
ton energy. Therefore, the density of the bone-equivalent 
solution should be optimal to reflect the targeted bone tissues 
in phantom studies, particularly when CTAC is being used. 
Although the accuracy of K2HPO4 solution has been evalu-
ated using a 153Gd transmission line source11), its optimal 
density for a specific bone phantom has not been validated 
in CTAC.

This study aimed to validate the effect of K2HPO4 solu-
tion density on SPECT image quality and quantification, and 
to determine the optimal K2HPO4 solution density for CTAC 
using the SIM2 bone phantom. We evaluated the relation-
ship between K2HPO4 solution density and HU values on 
CT images and determined the effects of differences in the 
filling solution of the phantom spine on image quality and 
quantification.

2 � Materials and methods

2.1 � SPECT/CT instrument and phantoms

All experimental data were acquired using a dual-head 
SPECT/CT camera (Infinia 8Hawkeye 4; GE Health-
care, Chicago, IL, USA) equipped with a low-energy, 

high-resolution collimator. This system had 2.54-cm (1″) 
thick crystals and a spatial resolution of 8.1 mm with 99mTc 
at a distance of 10 cm from the collimator. The CT com-
ponent was a low-dose, four-slice, slow-rotation X-ray CT 
system. Standard clinical scan parameters were as follows: 
tube voltage, 140 kV; tube current, 2.5 mA; slice thickness, 
5 mm; CT reconstruction kernel, standard, and helical scan. 
To optimize the K2HPO4 solution density, we used a cylin-
drical phantom (JSP type; Kyoto Kagaku Co., Ltd., Kyoto, 
Japan) containing six fillable cylinders (Fig. 1a). In addition, 
the SIM2 bone phantom filled with 99mTc was used to evalu-
ate the effect of K2HPO4 solution density on 99mTc activity 
and linear attenuation distribution functions (Fig. 1b, c). 
This phantom consisted of four parts: a trunk (background), 
cylinder (vertebra), four spheres of different sizes (tumors), 
and T-shaped container (transverse and spinous processes). 
The axis and height of the trunk were 290 and 300 mm, 
respectively. The diameters of the four tumor-simulating 
spheres were 13, 17, 22, and 28 mm.

2.2 � K2HPO4 solution density

The optimal K2HPO4 solution density was assessed using 
a JSP phantom consisting of six fillable cylinders. The cyl-
inders were filled with a K2HPO4 solution with densities 
ranging from 0.10 to 1.85 g/cm3. The inclusion density 
was experimentally determined based on the solubility of 
K2HPO4 in water (167 g/100 mL). As only six cylinders 
were available, the measurements were performed in two 
batches. The background area was filled with water. Sub-
sequently, a CT scan was performed using standard clinical 
scan parameters. Six circular regions of interest with 25-mm 
diameters were placed on the object part, and the mean CT 
values and linear attenuation coefficients were measured on 
CT images and correction maps, respectively (Fig. 2).

Fig. 1   Photograph of each phantom. a Cylindrical phantom with six cylinders. b Overview of the SIM2 bone phantom. c The spine comprises 
the vertebra, tumors, and transverse and spinous processes
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2.3 � Impact of the bone‑equivalent liquid condition

2.3.1 � SIM2 bone phantom

We created a SIM2 bone phantom using three patterns 
(Table 1). The vertebra and tumor parts on the SIM2 bone 
phantom were filled with 99mTc in water or K2HPO4 solu-
tion at a concentration of 0.15 (optimized density) or 1.49 g/
cm3 (standard density). The concentrations were determined 
as described in the previous section. The background was 
filled with 9.4, 6.5, and 6.8 kBq/mL of 99mTc. The tumor-to-
background ratio was set to approximately 50.

2.3.2 � Image acquisition and reconstruction

All the SIM2 bone phantom data were acquired using a dual-
head SPECT/CT camera with a low-energy high-resolution 
collimator. The projection data were obtained thrice in 
repeated continuous mode at 5 min/rotation × three times (total 
acquisition time: 30 min). The matrix number was 128 × 128 
and the step angle was 3°. The main energy and scatter win-
dows were set to 140.0 keV ± 10% and 120.0 keV ± 5%, 
respectively. The distance from the collimator to the phantom 
was 230 mm. The CT scan parameters were as follows: slice 
thickness, 6.1 mm; slice spacing, 4.42 mm; matrix, 512 × 512; 

voltage, 140 kV; current, 2.5 mA; CT reconstruction kernel, 
standard and helical pitch, 1.9. All SPECT images were recon-
structed using ordered-subset expectation maximization with 
resolution recovery correction, dual-energy window scatter 
correction, and CTAC. The reconstruction parameters were 
10 subsets and 5 iterations. The images were reconstructed by 
post-processing with a Butterworth filter (cutoff frequency, 0.4 
cycles/cm; power factor, 10).

2.4 � Data analysis

The spatial resolution and percent coefficient of variation 
(%CV), recovery coefficients, and standardized uptake value 
(SUV) were calculated to investigate the impact of K2HPO4 
solution density (Fig. 3). The spatial resolution was evaluated 
using the full width at half maximum (FWHM) of the spinous 
process. Horizontal profiles were plotted on the spinous pro-
cesses of the reconstructed images for the five slices, and the 
FWHM was calculated accordingly. In addition, we placed a 
36 × 36 × 36-mm cylindrical volume of interest (VOI) on the 
trunk (background) of the phantom. The %CVs of the back-
ground were calculated as follows:

where Cb is the mean count in the background VOI and SDb 
is the standard deviation of the background area based on the 
variance in individual voxels within the VOI.

For the recovery coefficients and SUV, cylindrical and 
circular VOIs were placed on the vertebral and tumor parts, 
respectively. The recovery coefficients and mean SUVs 
(SUVmean) were calculated as follows.

%CV =
SD

b

C
b

× 100%

RC =
Ctumor

Creference

Fig. 2   The phantom contains 
six cylinders with different 
K2HPO2 densities. Right: CT 
image

K₂HPO₄
1.85 [g/cm3] 

1.02 [g/cm3] 

1.68 [g/cm3] 

0.36 [g/cm3] 

1.36 [g/cm3] 

0.68 [g/cm3] 

Water 

Table 1   Radioactivity concentration of each part of the SIM2 bone 
phantom

TB tumor-to-background, K2HPO4 dipotassium hydrogen phosphate

Water K2HPO4

Optimized 
density
0.15 g/cm3

Standard density
1.49 g/cm3

BG 9.4 6.5 6.8
kBq/mL Vertebra 72.4 64.0 63.6

Tumor 490.0 340.0 350.0
TB ratio 52.1 52.3 51.5
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where Ctumor is the mean count in the VOIs of the tumor 
parts and Creference is the reference VOI count for the verte-
bral part. The SUVmean values of the tumor and background 
were calculated using GI-BONE software (AZE Co., Ltd., 
Tokyo, Japan). The calibration factor was obtained automati-
cally from the correlation between radioactivity and counts 
per second of a cylinder phantom in each iteration using 
the GI-BONE software. The FWHM, %CV, and SUVmean 
of the background were compared using the Tukey–Kramer 
method. Differences were considered statistically significant 
at p values < 0.05.

SUV =
SPECT counts∕Calibration factor

Injected activity∕Phantomweight

3 � Results

3.1 � Mean CT values and linear attenuation 
coefficients

Figure 4 shows the mean CT values and linear attenuation 
coefficients of the K2HPO4 solution density. The CT values 
increased with an increasing K2HPO4 solution density and 
tended to decrease the changes in CT values over 1.5 g/
cm3. The CT values for cancellous and cortical bones were 
reproduced by K2HPO4 solution densities of 0.15–0.20 
and 1.50–1.70 g/cm3, respectively. Similarly, the linear 

Fig. 3   Setting of the volume 
of interest and line profile for 
evaluation
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Fig. 4   CT values (a) and linear attenuation coefficients (b). The CT values and linear attenuation coefficients increased with the K2HPO4 solu-
tion density. The CT values for the cancellous bone were reflected by a K2HPO4 solution density of 0.15–0.20 g/cm3
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attenuation coefficient slowly increased with increasing 
K2HPO4 solution density.

3.2 � FWHM, %CV, and recovery coefficient

Figure 5 shows the FWHM and %CV values for the SIM2 
bone phantom obtained for each K2HPO4 solution density 
and with water alone. The FWHM values were significantly 
lower with K2HPO4 solution than those with water alone 
(Fig. 5a):18.0 ± 0.9 mm for water alone, 15.6 ± 0.2 mm 
for 0.15 g/cm3 K2HPO4, and 16.1 ± 0.3 mm for 1.49 g/cm3 
K2HPO4. The background %CVs (Fig. 5b) showed no sig-
nificant difference. Figure 6 shows the recovery coefficients 
obtained for each phantom condition. The recovery coef-
ficients did not differ significantly between 0.15 and 1.49 g/
cm3 K2HPO4. However, the recovery coefficients tended to 
be slightly lower with water alone than those with K2HPO4 
solution.

3.3 � SUVmean

Figure 7 shows the SUVmean of each sphere and the back-
ground. The result of the K2HPO4 solution was different 
from the result of the water alone for all sphere sizes. In 
addition, the SUVmean obtained using the standard density 
of the K2HPO4 solution differed from that obtained using 
the optimized density (0.15 g/cm3). Figure 8 shows the 

representative CT and SPECT images. Although the accu-
mulation values of background areas were not the same, 
the visibility of the vertebral bodies and spinous processes 
depended on the presence/absence and concentration of 
the bone-equivalent solution.
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Fig. 5   Graphs showing the FWHM (a) and %CV (b). Although the %CV did not change with the phantom condition, the FWHM values with the 
K2HPO4 solution were significantly decreased compared to those with water alone
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4 � Discussion

In this study, we evaluated the SPECT/CT imaging of SIM2 
bone phantoms containing a bone-equivalent solution com-
prising K2HPO4 at different concentrations and the effect 
of K2HPO4 concentration on image quality and quantifica-
tion. The standard K2HPO4 density showed higher CT values 
than the actual bone CT values. Furthermore, we determined 
the optimal K2HPO4 density using CT values for the bone 
SPECT image evaluation.

The CT values obtained with the standard density 
exceeded 1,000 HU in the SPECT/CT system. The mean CT 
values for the vertebral bones range from 51.8 to 175.0 HU 
when stratified by age [15] and decreased significantly with 
age. The CT values in the present study were higher than 
those in previous studies, raising the possibility that bone 
SPECT phantom studies have been performed with a higher 
attenuation coefficient than that of actual bone. The K2HPO4 
densities obtained CT values of 50–200 HU, which are close 
to those of vertebral bones (0.1–0.2 g/cm3). In quantitative 
brain perfusion SPECT, several studies have reported that 
non-uniform attenuation maps, including the skull bone, are 
required to improve quantitative accuracy [16, 17]. The CT 
values corresponding to the vertebral bones should be repro-
duced when bone SPECT is evaluated using the SIM2 bone 

phantom. Ichikawa et al. evaluated the effect of K2HPO4 
solutions with different CT values and reported that high CT 
values caused the overcorrection of accumulation in a spe-
cial image reconstruction method [9]. Furthermore, the bone 
density showed 106.52 ± 58.00 HU in 99mTc-diphosphono-
propanedicarboxylic acid SPECT/CT imaging [18]. Based 
on our previous studies and our results, we determined an 
optimal K2HPO4 density of 0.15 g/cm3.

The spatial resolution differs with and without a bone-
equivalent solution when scattered radiation, attenuation, 
and spatial resolution corrections are performed in an exper-
iment. Ito et al. reported differences in the image quality 
of the vertebral body, protrusion, and tumorous parts with 
and without a bone-equivalent solution [19]. Hashizume 
et al. reported that the measured radioactivity of a high-
density K2HPO4 solution was higher than that of water (less 
than 5%) [20]. As a result, the point spread function in the 
spinous process is sharper than that of water, and it is pos-
sible that the FWHM decreased therein. Spatial resolution 
is a major parameter for image quality, and using a bone-
equivalent solution may be necessary for evaluation using 
SIM2 bone phantoms.

The %CVs of the background showed no significant dif-
ference. In this study, SIM2 bone phantoms were repetition-
created thrice to validate the impact of bone-equivalent 
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solution density. In addition, compared to Fukami et al.’s 
[12] study using the SIM2 bone phantom conducted under 
the same image reconstruction conditions, the differences in 
the background uniformity were slight, indicating the high 
reproducibility of the created phantom.

The recovery coefficients did not differ between the stand-
ard and optimized K2HPO4 densities. However, the recovery 
coefficient obtained using water was lower than that obtained 
using the bone-equivalent solution. This result is consistent 
with that of spatial resolution, and usage of a bone-equiva-
lent solution allows a highly accurate assessment of lesion 
detectability in bone SPECT phantom studies.

The background SUVmean did not differ significantly 
between the water alone and bone-equivalent solution. 
Okuda et al. validated the reproducibility of quantitative 
measurements with seven devices using a cylindrical phan-
tom and reported a difference of approximately 4% [21]. In 
this study, SIM2 bone phantom preparation and acquisition 
were performed at different time points. Nevertheless, the 
difference in the background SUVmean was approximately 
3%. In general, high objectivity and reproducibility are 
important for phantom evaluation. Although using a bone-
equivalent solution increases the complexity of the control 
techniques, SIM2 bone phantoms have good potential for 

multicenter evaluations involving several different SPECT/
CT and positron emission tomography/CT devices.

The SUVmean values of the spheres depend on the con-
centration of the bone-equivalent solution. This result can 
be explained in terms of the spatial resolution and recovery 
coefficient. An optimized bone-equivalent solution density 
is necessary as it affects the image quality and quantitative 
accuracy.

A limitation of this study is that we examined only one 
commercially available SPECT/CT device and applied 
limited imaging parameters. The HU values from CT data 
depend on the effective tube voltage [22, 23]. In addition, 
Onishi et al. reported that the optimal reconstruction param-
eters differ among the resolution recovery algorithms [24]. 
Therefore, further studies using several SPECT/CT scanners 
and different tube voltages are necessary.

5 � Conclusions

We evaluated the effect of bone-equivalent solution concen-
tration on SPECT image quality and quantification. It was 
found that image quality and quantification depends on the 
presence/absence and concentration of the bone-equivalent 

Fig. 8   CT (upper row) and SPECT (lower row) images. a Water used in the spine. b K2HPO4 with optimized density 0.15 g/cm3. c K2HPO4 with 
a standard density 1.49 g/cm3
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solution. In bone-related phantom experiments, it is desir-
able to use a bone-equivalent solution adjusted to a concen-
tration that yields the desired CT value.
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