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Abstract
Background  Myocardial phantom studies are widely used as a tool to accurately assess the physical phenomenon of dual-
isotope simultaneous acquisition (DISA) in the small-animal fields. However, the previous phantom did not reproduce the 
structures of rats or mice. The aim of this study was to develop a novel myocardial phantom simulating the structure of a 
small animal that can be evaluated using the image quality of DISA.
Methods  A novel small-animal myocardial phantom that simulated a rat was constructed by the myocardium, liver, lung, 
spine, and torso. Normal and inferior wall defect myocardial phantoms were filled with 99mTc or 18F solution to simulate 
single-isotope acquisition (SIA) and DISA. Phantom and small-animal images with no scatter correction (nonSC) and scat-
ter correction (SC) were created.
Results  The 99mTc DISA with SC showed a low %CV compared to that with nonSC. Although the 99mTc DISA with nonSC 
had lower cavity contrast than that of 99mTc SIA with nonSC, the cavity contrast of SC had similar values between SIA and 
DISA. The minimum %uptake of 99mTc SIA with nonSC was a lower value compared to that of 99mTc DISA with nonSC. 
The 99mTc DISA was equivalent to the minimum %uptake of 99mTc SIA by SC.
Conclusion  We have developed a novel myocardial phantom for the rat model to evaluate the image quality for reproducing 
the physical phenomenon associated with radiation attenuation and scattering. Furthermore, we could demonstrate the useful-
ness of the novel small-animal myocardial phantom by image quality evaluation of DISA with 99mTc and 18F compared to SIA.
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Introduction

Molecular imaging such as computed tomography (CT), 
magnetic resonance imaging (MRI), single-photon emis-
sion computed tomography (SPECT) and positron emis-
sion tomography (PET) in the cardiovascular field has 
been widely used in pre-clinical studies because it can 
provide in vivo information noninvasively [1]. In particu-
lar, SPECT and PET imaging enable dynamic imaging of 
the distribution in vivo to visualize functional information 
such as blood flow and metabolism, and these images are 
used to prove the development of new radiopharmaceu-
ticals and the effects of therapeutic agents in pre-clinical 
studies [2–4]. Many researchers have performed pre-clin-
ical studies using small-animal SPECT or PET devices, 
which have been evaluated visually and quantitatively 
[5–10]. Quantitative values in nuclear medicine are useful 
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tools for identifying and detecting cardiovascular disease 
and judging the effects of treatment. On the other hand, 
the quantitative value in nuclear cardiology is impacted 
by equipment performance, collimator choice, and the dif-
ferences in acquisition and image reconstruction methods 
by each SPECT and PET scanner [11–15]. Therefore, it is 
important to understand the characteristics of the equip-
ment and image reconstruction to evaluate the quantitative 
values.

The VECTor+/CT SPECT-PET/CT system (MILabs B.V., 
Utrecht, Netherlands) is one of the pre-clinical SPECT and/
or PET systems, and it realizes simultaneous acquisition 
of SPECT and PET using clustered-pinhole collimator as 
opposed to the other devices [11, 16]. The dual-isotope 
simultaneous acquisition (DISA) has many advantages such 
as appropriate quantitative evaluation, anatomical registra-
tion, the reduction of experimental time and animal welfare 
owing to the absence of time-phase differences [17–19]. 
However, the image quality of DISA is affected by physi-
cal phenomenon such as scatter and crosstalk depending on 

the choice of radionuclide. Therefore, we must be properly 
comprehended the characteristics of DISA.

Myocardial phantom studies are a tool to accurately 
assess the physical phenomenon such as scatter, radiation 
attenuation and crosstalk of DISA. Several studies using 
small-animal myocardial phantoms have already been 
reported [7, 20, 21]. However, these phantoms did not repro-
duce the structure of the rat and mice. The aim of this study 
was to develop a novel myocardial phantom simulating the 
structure of a small animal that can be evaluated the image 
quality of SPECT and PET images.

Material and methods

Myocardial phantom

A novel small-animal myocardial phantom that simulated a 
rat was constructed by myocardium, liver, lung, spine, and 
torso (Fig. 1). The torso was composed of a cylindrical shape 

Fig. 1   An overview of a novel small-animal myocardial phantom. a appearance, b myocardium, c lung, d liver
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with a diameter of 40 mm and a major axis of 60 mm, and 
the myocardium, lungs, liver, and spine were inserted in the 
torso parts. The myocardium was created in two different 
phantoms to simulate normal and defective myocardium. 
The left myocardium and chamber were 11 and 5 mm in 
diameter and 22 and 13 mm in long axis, respectively, and 
the myocardial wall was designed to be 3 mm in thickness. 
The myocardial defect was a rectangular shape (major axis: 
5 mm, minor axis: 3 mm) to simulate a transmural defect, 
and the defective position can be set optionally. The volumes 
of the liver, left and right lungs were 18.4, 3.3 and 4.0 mL, 
respectively. The spine was created with BE-H tough bone 
of 1.500 g/cm3 (KYOTO KAGAKU Co., Ltd., Kyoto, Japan) 
in 1 × 1 × 59 mm rectangles.

Normal and inferior wall defect myocardial phantoms 
were filled with 99mTc and/or 18F solution to simulate the 
SIA and DISA. The defect part was filled with non-radio-
active water. The radioactive concentration of myocardium, 
lung, liver, and torso were 3.8, 0.8, 22.9 and 0.02 MBq/mL 
for 99mTc, 15.5, 2.6, 12.2 and 0.4 MBq/mL for 18F, respec-
tively. The radioactivity concentration of each organ was 
determined with reference to the %ID/g of Rat identified in 
the previous study [22]. The radioactive concentrations of 
99mTc and 18F for DISA were also in the same condition as 
the SIA.

Cylindrical phantom

The cylindrical phantom (diameter: 40 mm and length: 
20 mm) was filled with 99mTc and/or 18F solution to simulate 
the SIA and DISA. The radioactive concentration of 99mTc 
and 18F were 4 and 16 MBq/mL, respectively. The 18F/99mTc 
ratio with DISA was determined with reference to the radio-
activity concentration ratio in the myocardial portion of the 
myocardial phantom.

Animal studies

Two male Wistar rats (Charles River) aged 6 weeks were 
used for all experiments. Our university’s animal protection 
commission approved the experimental protocol (Approval 
number: AP-183950).

A normal model rat (body weight: 220 g) was injected 
with the 99mTc-methoxyisobutylisonitrile (MIBI) of 
0.7  MBq/g through the tail vein, and the SPECT was 
acquired 30 min later. The next day, insulin of 8 mU/g 
and glucose of 1 mg/g were injected into the rats, and the 
blood glucose value was measured 25 min later (blood glu-
cose level: 114 mg/dL). After 30 min of insulin and glu-
cose administration, the 18F- fluorodeoxyglucose (FDG) 
of 0.8 MBq/g and 99mTc-MIBI of 0.7 MBq/g were injected 
from the tail intravenously, and SPECT was acquired 30 min 
later.

A myocardial infarction model rat (body weight: 242 g) 
with the left coronary artery (LCA) was occluded for 20 min 
followed by reperfusion. Under anesthesia with 0.05 mg/kg 
intraperitoneal secobarbital sodium, the chest was opened 
to expose the heart, before a 7–0 polypropylene suture on a 
small-curved needle was passed under the LCA and ligated 
to occlude the LCA. After reperfusion, animals were allowed 
a week to recover before SPECT. The administration method 
and image timing were designed in the same protocol for 
normal model rats. The blood glucose value of the myocar-
dial infarction model rat was 134 mg/dL.

Acquisition protocol and image reconstruction 
parameters

SPECT and PET scans were performed by the list-mode 
acquisition of 30 min using a VECTor+/CT small-animal 
SPECT-PET/CT scanner equipped with a high-energy ultra-
high-resolution rat and mice clustered-pinhole collimator. 
An energy window was centered on 511 keV ± 10% for 18F 
and 140 keV ± 10% for 99mTc. Projection data were recon-
structed by a pixel-based ordered subset expectation maxi-
mization algorithm [23]. The voxel size and subset number 
were set at 0.8 mm and 32 for both 99mTc and 18F, and the 
iteration number was 8 for 99mTc and 17 for 18F, respec-
tively. A Gaussian filter with a full width at half maximum 
(FWHM) of 1.6 mm was applied as a post-filter. Attenuation 
and scatter corrections (AC and SC) were applied to the CT-
based AC and triple energy window method both 99mTc and 
18F, whereas the spatial resolution correction was conducted 
for 18F images only. In addition, no SC (nonSC) images were 
also created to validate the influence of dawnscatter from 
18F for DISA.

Image assessment

The uniformity of normal myocardium was evaluated by the 
percent coefficient of variation (%CV) using average value 
and standard deviation (SD) with the region of interest (ROI) 
on the short-axial (SA) image. The ROI was drawn on ante-
rior, septal, inferior, and lateral myocardial walls (A) and left 
ventricular cavity (B) of the SA image, and the cavity con-
trast was calculated from average counts in ROI using Eq. 1.

The circumferential profile curve was drawn on the defec-
tive myocardial wall slice of the SA image, and the mini-
mum %uptake of the defect part was calculated from the cir-
cumferential profile curve normalized by maximum counts.

The %CV of a cylindrical phantom was calculated from 
the mean value and SD of a 32 mm diameter (80% area) ROI 
on a transverse image.

(1)Cavity contrast =
A − B

A
× 100(%)
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Results

The %CV and cavity contrast of myocardial phantom were 
shown in Fig. 2. The %CVs of SIA and DISA were 19.9% 
and 20.7% for 99mTc with nonSC, 20.1% and 19.7% for 
99mTc with SC, 22.7% and 25.7% for 18F with nonSC, and 
21.4% and 24.4% for 18F with SC, respectively (Fig. 2A). 
The %CV of 99mTc SIA with nonSC was slightly lower 
than that of 99mTc DISA with nonSC, while the 99mTc 
DISA with SC showed a low %CV compared with that 
with nonSC. The %CV of 18F with SIA was lower %CV 
than those with DISA. The cavity contrasts of SIA and 
DISA for myocardial phantom were 90.9% and 85.9% for 
99mTc with nonSC, 93.4% and 89.7 for 99mTc with SC, 
75.5% and 73.0% for 18F with nonSC, and 81.1% and 
77.8% for 18F with SC, respectively (Fig. 2B). The 99mTc 
DISA with nonSC was lower cavity contrast than the 99mTc 
SIA with nonSC. While the cavity contrast of 18F showed 
a low value compared with that of 99mTc. The minimum 
%uptakes of 99mTc for defect parts with SIA and DISA 
were 11.7% and 18.7% for nonSC, and 9.6% and 10.8% for 
SC, respectively. Furthermore, the minimum %uptakes of 
18F for defect parts with SIA and DISA were 25.3% and 

25.5% for nonSC, and 21.4% and 21.7% for SC, respec-
tively (Fig. 3). The minimum %uptake of 99mTc SIA with 
nonSC was a lower value compared with that of DISA, 
while the defect part of 99mTc DISA was equivalent to the 
minimum %uptake of 99mTc SIA by SC. The minimum 
%uptake of 18F did not differ between SIA and DISA.

The vertical long axis (VLA) and SA images of normal 
and defective myocardium were shown in Fig. 4. The left 
ventricular cavity of 99mTc DISA for normal myocardium 
was narrowing compared with 99mTc SIA. While the left 
ventricular cavity of 18F DISA for normal myocardium was 
similar compared with 18F SIA. Although all defect myocar-
dial images were visually detected clearly, the 99mTc DISA 
image was slightly inferior to the 99mTc SIA image in defect 
detectability. The defect myocardial image with 18F was less 
visible than that with 99mTc.

The %CVs of SIA and DISA for cylindrical phantom 
were 3.57% and 5.06% for 99mTc with nonSC, 3.61% and 
4.40% for 99mTc with SC, 7.47% and 8.31% for 18F with 
nonSC, and 5.86% and 6.06% for 18F with SC, respectively. 
The %CV of 99mTc SIA with nonSC was slightly lower than 
that of 99mTc DISA with nonSC, while the 99mTc DISA with 
SC showed a low %CV compared with that with nonSC. 
The %CV of 18F SIA with nonSC was lower %CV than 18F 

Fig. 2   The percent coefficient of variation (%CV) and cavity contrast of normal myocardium with 99mTc and 18F for single-isotope acquisition 
(SIA) and dual-isotope simultaneous acquisition (DISA). The graph of A and B shows the %CV and cavity contrast, respectively
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Fig. 3   Circumferential profile 
curve of inferior defect myo-
cardium with 99mTc and 18F for 
single-isotope acquisition (SIA) 
and dual-isotope simultane-
ous acquisition (DISA). The 
%uptake values in the graphs 
indicate the minimum value for 
each profile curve

Fig. 4   Normal and defect myocardial image with 99mTc and 18F for single-isotope acquisition and dual-isotope simultaneous acquisition (DISA). 
SA short-axis, VLA vertical long axis, nonSC no scatter correction, SC scatter correction
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DISA, in addition, the %CVs of 18F SIA and DISA were a 
low value by SC. Those trends were comparable to the %CV 
of the myocardial phantom.

The SA and VLA images in rats with normal and defec-
tive myocardial models were shown in Fig. 5. The cavity 
contrasts of SIA and DISA for a rat with the normal myo-
cardial model were 71.7% and 65.9% for 99mTc with nonSC, 
74.7% and 75.9% for 99mTc with SC, respectively. Further-
more, the cavity contrasts of nonSC and SC for 18F DISA 
were 61.3% and 64.0%. The 99mTc DISA with nonSC image 
had a lower cavity contrast compared with that of 99mTc SIA 
with nonSC image. While the cavity contrast of 99mTc DISA 
with SC was visually and quantitatively equivalent to that of 
99mTc SIA with SC. Furthermore, the cavity contrast showed 
the same tendency as the evaluation with the myocardial 
phantom. The defect part of a rat with the defective myocar-
dial model were visually equivalent in 99mTc SIA and 99mTc 
DISA. The 18F DISA image was comparable to the 99mTc 
DISA image in contrast and image quality.

Discussion

This study examined the ability of the novel myocardial 
phantom simulating the structure of a rat to demonstrate 
the physical phenomenon occurring in small-animal imag-
ing. We selected SIA and DISA with 99mTc and 18F in the 
nuclear cardiology tracers because of the advantage of the 
VECTor+/CT SPECT-PET/CT system, which can simultane-
ously acquire SPECT and PET imaging [11]. Furthermore, 
the DISA of 99mTc and 18F using VECTor+/CT reported 
that a peak of 170 keV is generated due to the backscatter 
of photons interacting with the clustered-pinhole collima-
tor of tungsten [16]. However, the previous study did not 

demonstrate in detail the image quality of 99mTc that was 
affected by the backscatter of photon from 18F. Hence, we 
evaluated the image quality of DISA with 99mTc and 18F 
using a novel myocardial phantom. The radioactivity con-
centration of the myocardium was selected to be 4, which 
had the highest 18F/99mTc ratio in our previous study [22]. 
When 18F/99mTc is greater than 2, the peak of 170 keV may 
affect the image quality of 99mTc [16]. Thus, the 18F/99mTc 
ratio set in this study was reasonable for assessing image 
quality by DISA for SPECT and PET.

The 99mTc DISA with nonSC of myocardial phantom 
caused image inhomogeneity, low cavity contrast and poor 
defect detectability due to down scatter and crosstalk from 
the backscatter of photon, and the low image quality was 
improved by the SC. We evaluated image uniformity using 
a cylinder phantom and cavity contrast using rat images to 
substantiate the results shown with the myocardial phantom. 
Consequently, we could demonstrate that our myocardial 
phantom was obtained the image evaluation results compa-
rable to another physical phantom and those of the rat.

The defect parts  of   99mTc for myocardial phantom 
between SIA and DISA was also showed differences in 
image quality and %uptake affected by downscatter and 
crosstalk from the backscatter of photon, whereas the phe-
nomenon could not be observed in the rat images. Rat has 
respiratory movement and cardiac motion, causing a blurring 
in the myocardial image. Hence, it was difficult to evaluate 
slight differences in the physical phenomenon. However, the 
myocardial phantom was able to reproduce the poor image 
quality caused by the physical phenomenon of down scat-
ter and crosstalk from the backscatter of photon. We could 
demonstrate that the novel myocardial phantom is an impor-
tant tool in understanding the physical phenomenon. The 18F 
image was higher %uptake and lower contrast than the 99mTc 

Fig. 5   Short-axis (SA) and vertical long axis (VLA) images of rat myocardium. SIA single-isotope acquisition, DISA dual-isotope simultaneous 
acquisition, nonSC no scatter correction, SC scatter correction
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image due to a low spatial resolution. Moreover, the count-
ing loss of 18F would be caused by the lower image quality 
[16]. However, the 18F image showed acceptable image qual-
ity thanks to the spatial resolution correction.

We evaluated the usefulness of the new myocardial phan-
tom using DISA for 99mTc and 18F, which is important for 
myocardial viability assessment. However, radionuclides 
for myocardial SPECT are available in 13N, 123I, and 201Tl 
as well as 99mTc and 18F. In particular, the DISA for 201Tl 
and 123I is widely used clinically [24, 25]. We would like to 
reveal the physical evaluation of DISA images other than 
99mTc and 18F using a novel myocardial phantom. In addi-
tion, we studied using a specific device that can simultane-
ously acquire SPECT and PET tracers. It is assumed that the 
new small-animal cardiac phantom can be used to evaluate 
the image quality of other SPECT devices, but the device 
dependency needs to be verified in the future.

Conclusion

We have developed a novel myocardial phantom for the rat 
model to evaluate the image quality for reproducing the 
physical phenomenon associated with radiation attenua-
tion and scattering. Furthermore, we could demonstrate the 
usefulness of the novel small-animal myocardial phantom 
by image quality evaluation of DISA with 99mTc and 18F 
compared with SIA. The 99mTc with SC images for DISA of 
99mTc and 18F were equivalent to those of SIA thanks to the 
improvement of defect detectability and cavity contrast by 
SC. Myocardial phantom studies could assist in the interpre-
tation of quantitative analysis in small animals.
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