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Introduction

Small-animal imaging using single-photon emission com-
puted tomography (SPECT) and positron emission tomog-
raphy (PET) is positioned as the first imaging study in vivo, 
from the cell and tissue section level to the human body, and 
it is a useful tool not only for quantitative analysis of phar-
macokinetics but also for the development of new drugs and 
judgment of therapeutic effects [1–3]. SPECT and PET have 
the characteristic to be able to perform dual-isotope simul-
taneous acquisition (DISA) using different photon ener-
gies [4–6]. In particular, the DISA imaging of SPECT and/
or PET tracers has the advantage of providing quantitative 
indices with no differences in individual small animals and 
the absence of time phase on multi-molecular imaging. On 
the other hand, the crosstalk phenomenon caused by similar 
photon energy such as 99mTc (140 keV) and 123I (159 keV), 
down-scatter from higher energies and differences in 
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Abstract
A dual-isotope simultaneous acquisition (DISA) of 99mTc and 18F affects the image quality of 99mTc by crosstalk and spill-
over from 18F. We demonstrated the influence of spill-over and crosstalk on image quality and its correction effect for 
DISA SPECT with 99mTc and 18F. A fillable cylindrical chamber of 30 mm with NEMA-NU4 image quality phantom was 
filled with 99mTc only or a mixed 99mTc and 18F solution (C100). Two small-region chambers were filled with 99mTc only or 
a mixed 99mTc and 18F solution made at half the radioactivity concentration of C100 (C50) and non-radioactive water (C0). 
The 18F/99mTc ratio for DISA was set at approximately 0.4–12. Two types of 99mTc transverse images with and without 
scatter correction (SC and nonSC) were created. The 99mTc images of single-isotope acquisition (SIA) were created as 
a reference. The DISA/SIA ratio and contrast of 99mTc were compared between SIA and DISA. Although the DISA/SIA 
ratios with nonSC of C100, C50 and C0 gradually increased with increasing 18F/99mTc ratio, it was nearly constant by SC. 
The contrasts of C100 and C50 were similar to a reference value for both nonSC and SC. In conclusion, DISA images 
showed lower image quality as the 18F/99mTc ratio increased. The image quality in hot-spot regions such as C100 and C50 
was improved by SC, whereas cold-spot regions such as C0 could not completely remove the influence of spill-over even 
with SC.
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radiation attenuation affects image quality and quantita-
tive values [7–9]. To improve image quality and quantita-
tive indices, image analysts must understand the effects of 
attenuation, radiation scattering, and crosstalk on SPECT 
and PET scanners, and take steps to correct for these effects.

The DISA imaging of 99mTc and 18F is used in the fields 
of nuclear cardiology and nuclear oncology [10–12]. The 
DISA has many advantages such as appropriate quantita-
tive evaluation, anatomical registration, the reduction of 
experimental time and animal welfare owing to the absence 
of time-phase differences [13–15].

The VECTor (MILabs B.V., Netherlands) system which 
can perform DISA of SPECT and PET tracers was provided 
high-resolution images using a clustered multi-pinhole col-
limator [16–18]. When the DISA of 99mTc and 18F was per-
formed, A peak of 170 keV in the 18F energy spectrum is 
caused by the backscatter of photons interacting with the 

clustered-pinhole collimator of tungsten, which can affect 
the image quality of 99mTc by crosstalk due to 10% energy 
resolution limitations (Fig. 1) [19]. Furthermore, the spill-
over from 18F would affect 99mTc images, resulting in an 
increased ratio of stand-alone to simultaneous SPECT 
imaging counts when the 18F/99mTc concentration ratio is 
more than 2 [20]. The image quality of DISA with 18F and 
99mTc has been evaluated in a previous study [16], but their 
18F/99mTc ratios were less than 2. When the 18F/99mTc ratio 
of normal organ or tumor dose is more than 2 in the small-
animal experiment [21, 22], it is important to reveal the deg-
radation of 99mTc image quality due to the spill-over from 
18F to interpret the quantitative evaluation with VECTor 
system. This study aimed to evaluate the influence of spill-
over on image quality and its correction effect for DISA 
SPECT using a physical phantom with 99mTc and 18F.

Fig. 1  Energy spectrums of SIA with 99mTc and DISA with 99mTc and 18F. SIA, single-isotope acquisition; DISA, dual-isotope simultaneous 
acquisition
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Materials and methods

Scanner and phantom design

Small-animal SPECT-PET/CT scanner used the VECTor/
CT with a triple-detector gamma camera with high-energy 
ultrahigh-resolution rat and mouse type (HE-UHR-RM) 
clustered multi-pinhole collimator. A fillable cylindri-
cal chamber 30 mm of National Electrical Manufacturers 
Association (NEMA)-NU4 image quality phantom (Fig. 2) 
was filled with 99mTc only or a mixed 99mTc and 18F solu-
tion (C100). One of the two small-region chambers was filled 
with 99mTc only or a mixed 99mTc and 18F solution made at 
half the radioactivity concentration of C100 (C50). The other 
small-region chamber was filled with non-radioactive water 
(C0). The radioactive concentrations of 99mTc and 18F at the 
start time of the acquisition were approximately 1.6 and 20 
MBq/mL, respectively. The radioactivity concentration of 
99mTc in single-isotope acquisition (SIA) was prepared at 
the same concentration as that of DISA to compare with the 
image quality of the DISA.

Acquisition protocol and image reconstruction 
parameters

The SIA and DISA were acquired in 14 h using a list-mode 
acquisition. The list-mode data was binned into 30 min/
frame (total of 28 frames). The 18F/99mTc ratio for DISA 
was changed by the difference in half-life, which was set 
to approximately 12 and 0.4 at acquisition start and end, 
respectively. The projection counts of 99mTc for each 
18F/99Tc ratio were kept constant by adjusting the number 
of frame additions. The main energy window of 99mTc was 
141 keV ± 10%, in addition, the sub-energy window of 

7% window width was set on the upper and lower sides of 
the main energy window, and scatter correction (SC) was 
based on the triple energy window (TEW) technique [23]. 
A transverse image of voxel size 0.8 mm in each dimen-
sion was reconstructed using a pixel-based ordered subset 
expectation maximization (OSEM) algorithm [24], and the 
number of subsets and iterations were 32 and 8, respec-
tively. A Gaussian filter with the full width at half maximum 
(FWHM) 1.6 mm was applied as a post-filter. Attenuation 
correction (AC) was applied to the CT-based AC. Two types 
of 99mTc transverse images with and without SC (SC and 
nonSC) were created.

Image assessment

Circular-shape regions of interest (ROI) were drawn at 80% 
area on the two small-region chambers (C50 and C0) of the 
summed transverse image (ROI A and B in Fig. 3). Further-
more, two ROIs of the same size were drawn in the C100 
portion (ROI C and D in Fig. 3). The DISA/SIA ratio of 
99mTc was calculated from the average counts in the ROIs 
on C100, C50 and C0 for SIA and DISA with nonSC and SC 
(Eq. 1). Furthermore, the contrast of C100 and C50 for SIA 
and DISA was calculated using the average counts of C100 
and C50 (Eq. 2). The DISA/SIA ratio and the contrast of C100 
and C50 ratios were calculated for each 18F/99mTc ratio.

DISA/SIA ratio =
Average counts in each ROI for DISA image
Average counts in each ROI for SIA image  (1)

Contrast =
Average counts in ROI with C100

Average counts in ROI with C50
 (2)

Fig. 2  Schema of NEMA NU4 image quality phantom. This phantom has two small cavities of 8 mm in diameter (B and C) in a larger cavity of 
30 mm in diameter (A). NEMA, National Electrical Manufacturers Association

 

1 3



Physical and Engineering Sciences in Medicine

The 99mTc DISA with nonSC showed a decrease in image 
contrast with an increasing 18F/99mTc ratio, and the image 
was heterogeneous. However, the 99mTc images of DISA 
with SC showed an improvement in image contrast and 
heterogeneity.

The greatest heterogeneity image was seen with a 
18F/99mTc ratio of 12.

Discussion

DISA is used in preclinical research and clinical examina-
tions because it can obtain multiple molecular information 
simultaneously [21, 25–27]. DISA in SPECT uses photon 
energy differences for imaging, which has been reported 
to have several factors that degrade image quality, such as 
crosstalk and down-scatter caused by scattered rays on the 
high photon-energy side [28–30]. The VECTor/CT SPECT-
PET/CT scanner has the advantage of DISA for both SPECT 
and PET tracers. In particular, the DISA for 99mTc and 18F 
detects 18F as a single photon signal, which is used in car-
diology and oncology fields. While the 170 keV backscatter 
for photons interacting with the clustered-pinhole collima-
tor of tungsten has crosstalk with the 99mTc photon energy, 
which causes spill-over depending on the 18F/99mTc ratio 
[20]. Thus, we performed a phantom study to demonstrate 
in detail the impact and correction of spill-over.

Although the DISA/SIA ratio of 99mTc images with 
nonSC was increased with an increasing 18F/99mTc ratio 
due to 170 keV crosstalk and down-scatter from 18F, it was 
improved by SC. The TEW method is widely used as a cor-
rection technique for crosstalk and scattered radiation [31, 
32]. However, the scatter counts in C0 with 18F/99mTc ratios 
greater than 2 could not be sufficiently removed using SC, 
which was different in the tendency of C100 and C50. When 
the signal counts in a ROI are low, they are more susceptible 
to image noise including scattered rays compared with high 
signal count regions such as C100 and C50. There was no 
signal count for non-radioactive water (C0) and it was most 
susceptible to image noise. Therefore, the cold-spot regions 
such as C0 showed different behavior compared with hot-
spot regions including signal counts such as C100 and C50. 
Hot-spot regions such as C100 and C50 can benefit from SC 
even at higher 18F/99mTc ratios, leading to improved image 
quality. Hence, the influence of spill-over and its correction 
effect should be considered separately for hot-spot and cold-
spot regions.

When the 18F/99mTc ratio was over 8, the DISA/SIA ratio 
of 99mTc decreased due to the count loss. The count loss was 
caused by a high-count rate, and it depends on the effect of 
scatter ray and attenuation due to phantom shape. Miwa et 
al. discussed the peak count rate for 99mTc count linearity 

Results

The DISA/SIA ratios of 99mTc for each 18F/99mTc ratio are 
shown in Fig. 4. The DISA/SIA ratio of C100, C50 and C0 
were 1.05–1.16, 1.12–1.32 and 1.16–4.46 for nonSC, and 
0.82–1.07, 0.87–1.14 and 1.02–2.77 for SC, respectively. 
Although the DISA/SIA ratios with nonSC of C100 and C50 
gradually increased with an increasing 18F/99mTc ratio, they 
were nearly constant by SC. In addition, the DISA/SIA 
ratio decreased for both nonSC and SC with an increasing 
18F/99mTc ratio, when 18F/99mTc was over 8. The DISA/SIA 
ratio of C0 gradually increased with an increasing 18F/99mTc 
ratio. The DISA/SIA ratio with SC showed lower values 
compared with nonSC but the DISA/SIA ratio increased 
significantly when the 18F/99mTc ratio exceeded 2, and it was 
a different trend with the C100 and C50. The contrast of C100 
and C50 for 99mTc image by 18F/99mTc ratio was shown in 
Fig. 5. The contrasts of C100 and C50 for SIA and DISA were 
1.96–2.07 and 1.75–1.95 for nonSC, and 2.02–2.14 and 
1.94–2.07 for SC, respectively. The contrasts of C100 and 
C50 were similar to the reference value for both nonSC and 
SC. The DISA with nonSC showed lower contrasts com-
pared with SIA with nonSC, in addition, the DISA contrasts 
with nonSC slightly decreased with an increasing 18F/99mTc 
ratio. The contrasts for DISA with SC were nearly constant 
and independent of the 18F/99mTc ratio. The 99mTc transverse 
images of SIA and DISA with 18F/99mTc ratios of 0.8–12 
were shown in Fig. 6. The SIA images showed ostensibly 
equivalent image quality independent of the 18F/99mTc ratio. 

Fig. 3  ROI settings for C100, C50 and C0. ROI A and B indicate the 
areas of C50 and C0. ROI C and D indicate the area of C100. ROI, region 
of interest
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Fig. 5  Image contrast of C100 and C50 regions for nonSC and SC. The black dotted line indicates the theoretical value. nonSC, non-scatter correc-
tion; SC, scatter correction

 

Fig. 4  DISA/SIA ratio for 99mTc in regions of C100, C50 and C0. The black dotted line indicates the theoretical value. SIA, single-isotope acquisi-
tion; DISA, dual-isotope simultaneous acquisition
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improvement of image quality and image contrast by SC 
has been reported in past studies [34, 35], but the accuracy 
of TEW method at different 18F/99mTc ratios was not clear. 
In this study, the TEW method could demonstrate as a new 
finding that the DISA with SC image has ostensibly con-
stant image contrast and image quality, independent of the 
18F/99mTc ratio.

As a next step, we aim to demonstrate how the differ-
ent 18F/99mTc ratios affect image quality and quantitative 
accuracy of small-animal imaging using mice or rats. Fur-
thermore, the TEW method depends on the energy window 
setting [36], which may vary by target organ. We also aim 
to investigate the optimal energy settings for DISA SPECT, 
such as the cardiac and oncology fields, in the next stage.

Conclusion

We demonstrated the influence of spill-over from 18F on 
image quality and its correction effect for DISA SPECT 
with 99mTc and 18F. DISA SPECT images showed low con-
trast and image quality as the 18F/99mTc ratio increased, due 
to spill-over. The image quality in hot-spot regions such as 
C100 and C50 was improved by SC, whereas in cold-spot 

using the same type of SPECT-PET/CT scanner, and it 
seems that count loss is gradually observed over 100 MBq 
according to the count linearity [20]. Count loss occurred 
at approximately 30 MBq in this study at lower values of 
radioactivity than in the past study. This is caused by differ-
ences in collimator performance. The pinhole diameter and 
pinhole number of the clustered-pinhole collimator used by 
Miwa et al. were 0.7 mm and 162 for ultrahigh-resolution 
mouse type (UHR-M), and 1.0 mm and 156 for UHR-RM, 
respectively. The sensitivities of UHR-M and UHR-RM 
were 2800 cps/MBq and 3606 cps/MBq, respectively [20, 
33]. In addition, our study was performed on a NEMA-NU4 
image quality phantom with scattered material as opposed 
to the past study. Count linearity depends on the count rate, 
including scatter rays. Thus, the high sensitivity of the col-
limator and the effects of scatter caused the count loss at 
lower radioactivity than that of the past studies. Likewise, 
the count loss in DISA is greater than that in SIA due to the 
backscatter photons of 170 keV. Hence, the DISA/SIA ratio 
was lower in areas where count loss occurred.

Image contrast of 99mTc with DISA was decreased due to 
the increase of scatter caused by the increase in 18F/99mTc 
ratio. The 99mTc DISA with SC improved image contrast 
and image quality independent of the 18F/99mTc ratio. The 

Fig. 6  Transverse images of 99mTc for DISA of different 18F/99mTc 
ratios and SIA. The top two rows show nonSC images and the bot-
tom two rows show SC images. The 99mTc SIA image presents the 

same radioactivity concentration image as the 99mTc of DISA. SIA, 
single-isotope acquisition; DISA, dual-isotope simultaneous acquisi-
tion; nonSC, non-scatter correction; SC, scatter correction
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regions such as C0, the SC did not adequately compensate 
for the effect of spill-over. Hence, the influence of spill-over 
and its correction effect should be considered separately for 
hot-spot and cold-spot regions.
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