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INTRODUCTION

AN IMPORTANT FEATURE of radionuclide imaging is the
capability of quantitative analysis of regional function of
organs. Quantification with SPECT images is degraded
by many factors such as photon scattering and attenua-
tion, partial volume effect, collimator aperture, detector
response and patient motion.1 Regarding scatter correc-
tion, various methods have been reported, including the
dual photopeak window (DPW), transmission-dependent
scatter correction (TDSC) and triple energy window (TEW)
methods.2–4 Some methods are also applicable to crosstalk
correction in simultaneous dual-isotope imaging.5,6 How-

ever, it is very difficult to compensate for crosstalk be-
tween 99mTc and 123I because the two radionuclides emit
photons whose energies are very close to each other.

We have proposed a scatter correction method with an
artificial neural network (ANN) in single-isotope imag-
ing.7 This method is applicable to crosstalk correction
between 99mTc and 123I.8 In addition, other investigators
have also reported a scatter correction method with ANN,9

and allied it to the same dual-isotope imaging.10,11 Fur-
thermore, some papers discussed the clinical use of ANN
in dual-isotope imaging.12,13 However, the above men-
tioned methods have a common disadvantage in practica-
bility because energy windows more than 9 are required
for data acquisition; this window setting is not achievable
in most commercially available SPECT systems. To over-
come this problem, we have developed a scatter correc-
tion method with an ANN employing three energy win-
dows for data acquisition.14 This energy setting resulted
in reduced image noise without impairing quantitative
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accuracy in phantom experiments. In the current study,
this three-window ANN method was applied to clinical
myocardial and brain SPECT to elucidate its practicabil-
ity and usefulness.

MATERIALS AND METHODS

Energy window setting and structure of artificial neural
network
We used the following two methods to estimate the counts
of primary photons (CTc-prim for 99mTc and CI-prim

 for 123I)
after 99mTc and 123I dual-isotope acquisition: an ANN
with 10 inputs (ANN-10), and an ANN with 3 inputs
(ANN-3).

The ANN-10 has three layers: one input layer with ten
units, one hidden layer with twenty units and one output
layer with two units (Fig. 1 (A)). For input values, we used
ten ratios of counts determined by the two energy win-
dows each: one was count Ck acquired with the k-th
narrow window and the other was count Cs acquired with
the broad window ranging from 120 to 180 keV. The
narrow windows with a width of 6 keV were sequentially

positioned in the energy range from 120 to 180 keV. The
value input into the k-th window was the ratio Rk (= Ck/
Cs). The outputs were two count ratios, RI/2 and RI+Tc.
RI/2 was the count ratio of half of the primary photons for
123I to the photons measured at the upper half of the 123I
photo-peak window (159–180 keV) (CIH). RI+Tc was the
count ratio of the sum of the primary photons for 99mTc
and 123I to the total photons Cs. With the calculated ratio
RI/2 on the basis of the neural network and the measured
count CIH, we estimated the primary count CI-prim for 123I
at each pixel in a planar image.

CI-prim = 2 * CIH * RI/2

With the calculated ratio RI+Tc and the measured count Cs,
we calculated the primary count CTc-prim for 99mTc at each
pixel in the planar image.

CTc-prim = Cs * RI+Tc − CI-prim

In ANN-3, three energy windows (from 90 to 119 keV,
from 120 to 150 keV, and from 151 to 183 keV, respec-
tively) were set for scatter count (Cscat), 99mTc count (CTc)
and 123I count (CI), respectively (Fig. 1 (B)). This ANN

Fig. 1   Structures of ANN-10 (A) and ANN-3 (B) algorithms designed for separating 99mTc and 123I
primary photons in dual-isotope SPECT imaging.
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comprises also three layers: one input layer with three
units, one hidden layer with six units and one output layer
with two units (Fig. 1). The inputs in the ANN-3 are three
count ratios (Rscat, RTc and RI) which were calculated from
the above counts acquired with three energy windows and
the total count (Cs) in a broad window (90–183 keV), i.e.,
Rscat = Cscat/Cs, RTc = CTc/Cs and RI = CI/Cs. The output
layer provides the ratios of estimated primary to total
photons for 99mTc (RTc-prim) and 123I (RI-prim) in each pixel,
respectively. The primary counts for 99mTc (CTc-prim) and
123I (CI-prim) at each pixel in the planar image were
obtained as follows:

CTc-prim = Cs * RTc-prim

CI-prim = Cs * RI-prim

Both ANN-10 and ANN-3 were designed and trained
with a back-propagation algorithm.7,8,14 Several energy
spectra generated by the Monte Carlo method were used
as a training data set.7,8,14

The data were acquired simultaneously with spectrum
SPECT acquisition employing 125 energy channels from
70 to 210 keV. After acquisition, the spectrum data were
rearranged to 3 and 10 windows for ANN-3 and ANN-10,
respectively. In ANN-10, to eliminate the scattered pho-
tons from the high energy peak (529 keV) of 123I, the mean
count ranging from 180 to 210 keV was subtracted from
the measured total counts in each pixel. In ANN-3, as the
count in the energy window from 90 to 119 keV contains
the scatter fraction from the above high energy peak, no
additional subtraction of photon scattering was performed.

Patients
Three patients were enrolled in the present study. In-
formed consent was obtained from each patient after a

detailed explanation of the study. The form to obtain
consent was approved by the institutional committee of
Keio University Hospital.

The first patient had Parkinson’s disease without a
history of myocardial infarction. The patient underwent
both 123I-metaiodobenzylguanidine (MIBG, Daiichi Ra-
dioisotope Labs., Tokyo, Japan) and 99mTc-tetrofosmin
(Nihon Medi-Physics plc. Tokyo, Japan) SPECT at rest.

The second was a patient with myocardial infarction
referred for 123I-beta-methyl-paraiodophenylpenta-
decanoic acid (BMIPP, Nihon Medi-Physics plc. Tokyo,
Japan) and 99mTc-methoxyisobutylisonitrile (MIBI,
Daiichi Radioisotope Labs., Tokyo, Japan) SPECT. Coro-
nary angiography revealed stenosis in the circumflex
artery.

The third was a patient with epilepsy referred for 123I-
iomazenil (Nihon Medi-Physics plc. Tokyo, Japan) and
99mTc-ethyl-cistainate dimmer (ECD, Daiichi Radioiso-
tope Labs., Tokyo, Japan) SPECT.

Protocol
Imaging sequences
Figure 2 shows the examination protocols of the three
patients. The first patient was injected with 111 MBq of
123I-MIBG at rest and SPECT imaging was performed 3
hours after injection. Soon after the single-isotope imag-
ing, 555 MBq of 99mTc-tetrofosmin was administered at
rest followed by simultaneous 123I-MIBG and 99mTc-
tetrofosmin SPECT.

The second patient was injected with 123I-BMIPP at
rest and SPECT imaging was performed 15 minutes after
injection. After completing BMIPP SPECT, 99mTc-MIBI
was administered to obtain simultaneous BMIPP and
MIBI SPECT. The patient also underwent MIBI SPECT

Fig. 2   Imaging protocols of the three patients.



Annals of Nuclear Medicine28 Jingming Bai, Jun Hashimoto, Koichi Ogawa, et al

two days after.
The last patient was injected with 222 MBq of 123I-

iomazenil at rest and SPECT imaging was performed 3
hours after injection. After completing iomazenil SPECT,
555 MBq of 99mTc-ECD was administered to obtain
simultaneous iomazenil and ECD SPECT. The patient
also underwent ECD SPECT two days after.

Instrumentation, data acquisition and image processing
A three-headed rotating gamma camera Toshiba GCA-
9300A/DI with low-energy high-resolution parallel-hole
collimators was used for data acquisition, and image
processors DELL DIMENSION 8300 and Toshiba
GMS5500U/DI were employed for image processing.

Single-isotope acquisition in each case was carried out
with the TEW scatter correction method employing a 20%
main photopeak window and two 7% subwindows adja-
cent to the main window.3 In the projection data, the
scatter fraction was estimated by the area approximation
based on the counts of the subwindows, and it was
removed from the counts in the main window to obtain the
counts of primary photons.3 The gamma camera rotated
continuously for 16 minutes in each acquisition. SPECT
data were arranged into 60 projections over 360 degrees.

In dual-isotope SPECT (ANN), 60 projections over
360 degrees (stepped by 6 degrees) were obtained. Data
acquisition time for each projection angle was 50 seconds
and total acquisition time was 19 minutes.

The counts of primary photons separated by the ANN-

3 and ANN-10 from the acquired dual-isotope projection
data were reconstructed into images of a 64 × 64 matrix
using an OS-EM method with 5 iterations and 10 subsets.
Attenuation correction was not conducted to either the
dual-isotope or single-isotope imaging data.

Lesion-to-normal count ratios (mean count in the re-
gion-of-interest placed on the lateral wall divided by that
in the septum) were obtained from the single- and dual-
isotope images of the second patient undergoing 123I-
BMIPP and 99mTc-MIBI SPECT.

RESULTS

Figure 3 shows 123I-MIBG and 99mTc-tetrofosmin
transaxial SPECT images obtained with single- and dual-
isotope acquisition. Dual-isotope imaging showed no
cardiac uptake of 123I-MIBG and well preserved uptake of
99mTc-tetrofosmin. Single-isotope imaging using 123I-
MIBG also manifested no cardiac uptake. Compared with
ANN-10, ANN-3 offered low-noise image both in MIBG
and tetrofosmin SPECT. ANN-3 provided images of
comparable quality with single-isotope imaging with TEW.

Figure 4 shows 99mTc-MIBI and 123I-BMIPP transaxial
SPECT images. A mismatch in the lateral wall can be
easily recognized between myocardial perfusion and fatty
acid metabolism (preserved perfusion and impaired me-
tabolism) in ANN-3 and single-isotope (arrow). In ANN-
3, findings in single- and dual-isotope imaging are almost
the same. On the other hand, ANN-10 failed to visualize

Fig. 3   Transaxial SPECT images of 99mTc-tetrofosmin and 123I-MIBG in single- and dual-isotope
acquisition. ANN: dual-isotope imaging using artificial neural network with 10 inputs (ANN-10) and
3 inputs (ANN-3); Tc: 99mTc-tetrofosmin; I: 123I-MIBG; Single-I: single-isotope imaging with 123I-
MIBG.
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Fig. 5   Transaxial SPECT images of 99mTc-ECD and 123I-iomazenil in single- and dual-isotope
acquisition. ANN: dual-isotope imaging using artificial neural network with 10 inputs (ANN-10) and
3 inputs (ANN-3); Tc: 99mTc-ECD; I: 123I-iomazenil; Single-Tc: single 99mTc-ECD imaging; Single-I:
single 123I-iomazenil imaging.

Fig. 4   Transaxial SPECT images of 99mTc-MIBI and 123I-BMIPP in single- and dual-isotope
acquisition. ANN: dual-isotope imaging using artificial neural network with 10 inputs (ANN-10) and
3 inputs (ANN-3); Tc: 99mTc-MIBI; I: 123I-BMIPP; Single-Tc: single 99mTc-MIBI SPECT; Single-I:
single 123I-BMIPP SPECT; arrow: lesion site; arrowhead: biliary discharge of MIBI.
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the mismatch clearly because of inferior image quality of
both SPECT images. The lateral-to-septal count ratios
were 0.56 and 0.46 in the single 99mTc-MIBI and single
123I-BMIPP SPECT images, respectively. The count ra-
tios were 0.63 (99mTc) and 0.46 (123I) in the ANN-3
images, and 0.74 (99mTc) and 0.60 (123I) in the ANN-10
images.

Figure 5 includes 123I-iomazenil and 99mTc-ECD
transaxial SPECT images. In dual-isotope imaging with
ANN-3, both 123I-iomazenil and 99mTc-ECD SPECT
showed normal uptake in the cerebral cortex. On the other
hand, marked differences in the uptake were observed in
the basal ganglia and thalamus: preserved uptake in 99mTc-
ECD SPECT and almost no uptake in 123I-iomazenil
SPECT. Compared with ANN-3, ANN-10 yielded infe-
rior image quality especially in 99mTc-ECD transaxial
SPECT. Although image quality in the basal ganglia and
thalamus in ECD SPECT of ANN-3 is inferior to that of
single-I-123 imaging, visualization of the cerebral cortex
is of acceptable quality in ANN-3.

DISCUSSION

Dual-isotope imaging has two main advantages. The first
is that it provides two different kinds of information with
one scan and accordingly reduces examination time and
burden to patients and medical staff. The second is that
there is no problem of anatomical misregistration be-
tween the two images. In contrast, the crosstalk hampers
the use of two radionuclides whose photon energies are
close to each other. Thus, most clinical SPECT protocols
employ the combination of 201Tl and 99mTc, or 201Tl and
123I. Since 201Tl cannot be used to label compounds,
information obtained from it is limited to myocardial
perfusion or tumor cell viability. On the other hand, 99mTc
and 123I are available for labeling various compounds, and
dual-isotope imaging with 99mTc and 123I engenders a vast
array of information. Therefore, we contrived a scatter
correction method (ANN) enabling 99mTc and 123I dual-
isotope acquisition and applied it to myocardial and brain
SPECT.

When we first developed a scatter correction method
with ANN (ANN-10 in the present study), it was used to
compensate for scattered photons in 99mTc single-isotope
acquisition.7 However, other easier methods such as TEW
can eliminate scattered photons in single-isotope acquisi-
tion or dual-isotope acquisition with 201Tl and 99mTc, or
201Tl and 123I.2–4 On the other hand, a distinguishing
feature of the method with ANN is its applicability in
99mTc and 123I dual-isotope imaging.8,14 Since a series of
simulation and phantom experiments showed its accept-
able image quality and quantitative accuracy,7,8,14 clinical
myocardial and brain SPECT imaging was conducted in
the present study. We compared the performance of the
original method (ANN-10) and its revised version (ANN-
3).

Regarding the difference between ANN-10 and ANN-
3, ANN-3 has some advantages compared with its coun-
terparts. First, the reduced number of energy windows in
ANN-3 results in a reduced amount of acquired data and
shortened time for data processing. Second, increasing
the widths of energy windows offers easy uniformity
maintenance of the camera system and increased signal-
to-noise ratios leading to improved image quality. The
images obtained in the three cases clearly reveal the
difference in image quality between ANN-3 and ANN-
10. Third, improved accuracy in quantifying myocardial
uptake can be expected. Quantitative analysis of the
severity of the infarcted myocardium in the second case
shows the superiority of ANN-3 over ANN-10. Finally,
routine clinical application of ANN-10 cannot be ex-
pected yet because commercially available SPECT cam-
eras do not fit the setting of so many energy windows.
Therefore, ANN-3 has considerable superiority over ANN-
10 in clinical practice.

In comparing ANN-3 and single-isotope acquisition,
acquisition time of dual-isotope imaging is comparable
(19 minutes for ANN-3 and 16 minutes for single acqui-
sition) and image quality obtained by ANN-3 is also
acceptable. Therefore, ANN-3 has clinical feasibility for
dual-isotope imaging.

The first patient underwent simultaneous 123I-MIBG
and 99mTc-tetrofosmin SPECT. The patient contracted
Parkinson’s disease without a history of cardiac disease,
and it is well known that patients with Parkinson’s disease
often manifest no cardiac uptake or severely reduced
uptake of MIBG despite the absence of cardiac disease
like this case.15,16 In such cases, concurrent myocardial
perfusion imaging is useful to judge whether this reduced
uptake is caused by Parkinson’s disease itself or cardiac
disease. Simultaneous acquisition reduces the burden to
patients especially when the patient suffers from parkin-
sonism making it difficult to keep still for a long time
during data acquisition.

The second patient was referred for simultaneous 123I-
BMIPP and 99mTc-MIBI SPECT. The discrepancy be-
tween BMIPP and perfusion images (so-called perfusion-
metabolism mismatch) in patients with unstable angina or
myocardial infarction suggests the metabolic switch from
fatty acid metabolism to glycolysis in the myocardium.17,18

It is reported that assessing this mismatch is of clinical
value because it is related to reversibility of impaired
cardiac function and the occurrence of cardiac events.19

By using 99mTc instead of 201Tl, it would be easier to
estimate the metabolism-perfusion mismatch, because
99mTc is less susceptible to photon attenuation and allows
images of excellent quality.

Dual-isotope brain SPECT with 123I-iomazenil and
99mTc-ECD was performed on the third patient suspected
of having epilepsy. Iodine-123-iomazenil is a benzodiaz-
epine receptor imaging agent and the benzodiazepine
receptor density decreases in epileptic foci.20,21 It has
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been confirmed that the distribution of benzodiazepine
receptors is ubiquitous in cerebral cortex and that the
receptor density is very low in basal ganglia and thala-
mus.22,23 The images obtained in this patient are compat-
ible with the above fact. Although SPECT did not reveal
the epileptic focus in this patient, the dual-isotope imag-
ing with 123I-iomazenil and 99mTc-ECD may be useful in
diagnosing and treating patients with epilepsy because it
provides information about the cause of receptor loss
(associated cerebral infarction and so on). In addition,
when using this protocol in patients with cerebrovascular
disease, it would reveal the accurate sites of ischemic
penumbra because of the lack of no anatomical misregis-
tration.24,25

The crosstalk between two radionuclides in dual-iso-
tope imaging depends on the ratio of the administered
doses. In the present study, we injected 111 MBq or 222
MBq of 123I and 555 MBq of 99mTc, which are standard
doses used in the clinical setting. However, further study
is needed to elucidate the feasibility of ANN under ex-
traordinary combinations of injected doses for employing
newly developed radiopharmaceuticals or imaging proto-
cols.

CONCLUSION

We applied scatter correction with an artificial neural
network to 123I and 99mTc dual-isotope SPECT in clinical
myocardial and brain imaging. The correction method
(ANN-3) well separated 123I and 99mTc primary photons
and yielded images of acceptable quality without a sig-
nificant increase of the acquisition time. The proposed
method provides various combinations of information
through simultaneous acquisition of 123I and 99mTc, both
of which can label various compounds.
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