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Abstract
Purpose: Accurate tracer accumulation evaluation is difficult owing to the par-
tial volume effect (PVE). We proposed a novel semi-quantitative approach for
measuring the accumulation amount by examining the approximate image.
Using a striatal phantom, we verified the validity of a newly proposed method
to accurately evaluate the tracer accumulations in the caudate and putamen
separately. Moreover, we compared the proposed method with the conventional
methods.
Methods: The left and right caudate/putamen regions and the whole brain
region as background were identified in computed tomography (CT) images
obtained by single-photon emission computed tomography (SPECT)/CT and
acquired the positional information of each region. SPECT-like images were
generated by assigning assumed accumulation amounts to each region. The
SPECT-like image, approximated to the actual measured SPECT image, was
examined by changing the assumed accumulation amounts assigned to each
region. When the generated SPECT-like image most approximated the actual
measured SPECT image,the accumulation amounts assumed were determined
as the accumulation amounts in each region. We evaluated the correlation
between the count density calculated by the proposed method and the actual
count density of the 123I solution filled in the phantom. Conventional meth-
ods (CT-guide method, geometric transfer matrix [GTM] method, region-based
voxel-wise [RBV] method, and Southampton method) were also evaluated. The
significance of differences between the correlation coefficients of various meth-
ods (except the Southampton method) was evaluated.
Results: The correlation coefficients between the actual count density and the
SPECT count densities were 0.997, 0.973, 0.951, 0.950, and 0.996 for the pro-
posed method,CT-guide method,GTM method,RBV method,and Southampton
method, respectively. The correlation of the proposed method was significantly
higher than those of the other methods.
Conclusions: The proposed method could calculate accurate accumulation
amounts in the caudate and putamen separately, considering the PVE.
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1 INTRODUCTION

Dopamine transporter (DaT) scintigraphy with 123I-N-
ω-fluoropropyl-2β-carboxymethoxy-3β-(4-iodophenyl)
nortropane (123I-FP-CIT) is useful in the diagnosis of
nigrostriatal degenerative diseases such as Parkinson’s
disease (PD) and dementia with Lewy bodies (DLB).1–3

Semiquantitative analysis is an adjunct to visual inter-
pretation and improves diagnostic performance.4,5

However, considering the spatial resolution of single-
photon emission computed tomography (SPECT), it
is difficult to accurately evaluate the accumulation
amount of the tracer for small structures such as the
striatum, which are affected by the partial volume
effect (PVE).6,7 Many studies have demonstrated the
importance of PVE correction (PVC). Various methods
have been developed to correct the PVE, especially
in the positron emission tomography (PET) field, while
some were applied to the SPECT field.6,8,9 The PVC
methods are roughly classified into two types: volume
of interest (VOI)-based and voxel-based methods.
The widely applied geometric transfer matrix (GTM)
method is a VOI-based PVC method described by
Rousset et al.10 This method can account for spill-out
between multiple regions and measure mean values
for each region. The region-based voxel-wise (RBV)
method described by Thomas et al.11 is a voxel-wise
PVC method that extends the GTM method. How-
ever, the guideline indicates that the added value of
applying PVC in calculating the caudate, putamen, and
background (BG) uptake has not been systematically
investigated and, therefore, is not recommended for
routine clinical practice.4 A different approach for PVC
in DaT SPECT is the Southampton method described
by Tossici-Bolt et al.,12 widely used and investigated
by many studies.5,13–15 The Southampton method can
calculate the specific binding ratio (SBR) considering
the PVE by using a large VOI, including the entire stria-
tum. However, this method cannot calculate the SBR
for the caudate and putamen. It has been reported that
in PD, the ventrolateral region of the substantia nigra
is selectively impaired, resulting in severe dopamine
loss in the dorsal putamen compared to the caudate.16

Hence, accumulation of 123I-FP-CIT in PD is especially
reduced in the dorsal putamen.1 Moreover, in DLB, the
accumulation of 123I-FP-CIT is uniformly reduced in
the caudate and putamen.17,18 Therefore, separately
evaluating the accurate accumulation amount in the
caudate and putamen is desirable while diagnosing PD.

This study aimed to verify, using striatal phantom, a
newly proposed method to evaluate the accumulation
amounts in the caudate and putamen accurately. In addi-
tion, the proposed method was compared with conven-
tional PVC methods.

2 METHODS

2.1 SPECT imaging

SPECT data were acquired using Symbia T (Siemens,
Erlangen, Germany), equipped with a low-medium
energy general-purpose (LMEGP) collimator. Ninety
projections over 360◦ orbit with two detectors were
acquired on a 128 × 128 matrix (zoom factor, 1.45),
giving a pixel size of 3.3 mm and acquisition time of
28 min. The main energy window was 159 keV ± 10%,
and two subwindows were set at 8% at both ends of the
main window. Images were reconstructed using a three-
dimensional ordered subset expectation maximization
method (3D-OSEM) (iteration, 6; subset, 8) and Gaus-
sian filter full width at half maximum (FWHM) 6 mm with
attenuation correction (AC) by computed tomography
(CT) and scatter correction (SC) using the triple energy
window method.

2.2 Phantom data

Striatal phantom DaT1308 (NMP Business Support Co.,
Ltd., Hyogo, Japan) was used (Figure 1). This phan-
tom consists of the left and right caudate/putamen and
whole- brain compartments. We created two types of
phantom at different radioactive concentrations of 123I
solution. In the first phantom (Phantom 1), we filled the
left and right caudate with 123I solution and the remain-
ing regions with water. We filled all regions with 123I
solution in the second phantom (Phantom 2). We mea-
sured the actual count densities of the 123I solution filled
into Phantom 1 and Phantom 2 by an auto-well counter
(ARC-7001, Hitachi, Ltd., Tokyo, Japan) and computed
the actual count density ratio. Details of Phantom 1 and
Phantom 2 are shown in Table 1.

2.3 Calculation process by the
proposed method

The proposed method is a region-based method that
seeks to identify the amount of accumulation for each
region by evaluating the image approximated to the
SPECT image. The flow of the calculation process by
the proposed method is shown in Figure 2.

Step (1): Using the PMOD software version 3.903
(PMOD Technologies LCC, Zurich, Switzerland), we
manually established the VOIs of the left and right cau-
date/putamen regions and the VOI of the whole brain
(including the striatum) for the BG region on the mor-
phological images (CT images was used in this study).
Using PMOD software,VOIs were applied to the SPECT
image in agreement with the coordinates of the VOIs
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F IGURE 1 Overview of a striatal phantom. A striatal phantom consists of the left and right caudate/putamen and whole-brain compartments

TABLE 1 Phantom data

Right caudate
(excluding BG)

Right putamen
(excluding BG)

Left caudate
(excluding BG)

Left putamen
(excluding BG) BG

Phantom 1

Actual count density
(count/s g)

25123.21 0.00 14156.71 0.00 0.00

Actual ratio 1.77 0.00 1.00 0.00 0.00

Phantom 2

Actual count density
(count/s g)

21440.22 21440.22 11061.24 8850.12 2337.02

Actual ratio 9.17 9.17 4.73 3.79 1.00

Note: Actual count density, the actual 123I count density filled in the phantom. Actual ratio, the ratio calculated using by the actual count density.

on the CT image (Figure 3). However, the shape of the
VOIs changed based on the voxel size. The positional
information of the left and right caudate/putamen and
BG regions on SPECT images were obtained from each
VOI.

Steps (2)–(7) were processed on our program built
using Python version 3.7.3.

Step (2): The assumed accumulation amounts were
assigned to each region based on the positional infor-
mation of the left and right caudate/putamen and BG
regions obtained by Step (1). By this step, ideal images
without blur were generated. We defined these images
as “assigned images.”

Step (3):The SPECT spatial resolution in clinical con-
ditions (FWHM: x = 11.52 mm, y = 11.89 mm, z =

11.71 mm) was measured using a line source phantom
(SPECT phantom JSP, Kyoto Kagaku Co., Ltd., Kyoto,
Japan). In this study,the spatial resolution was evaluated
using a line source phantom following the national stan-
dard in Japan.19 Therefore, the z-direction FWHM could
not be measured.Since the spatial resolution of SPECT
is considered not to vary in the x-, y-, and z-directions,

the mean value of the x-direction and y-direction FWHM
was used for the z-direction FWHM.A three-dimensional
(3D) Gaussian filter equivalent to this spatial resolution
was applied to the “assigned images” from Step (2). The
SPECT-like spatial resolution images were generated.
We defined these images as “blurred images.”

Step (4):We defined the image,obtained by the actual
measured SPECT and normalized with the maximum
value, as the “real image.” The voxel-by-voxel absolute
differences between the “blurred images” generated in
Step (3) and “real image” were calculated, thereby gen-
erating absolute difference images between the “real
image” and the “blurred images,” defined as “difference
images.”

Step (5):The summed value of “difference image”rep-
resents the degree of similarity between “blurred image”
and “real image.” Therefore, the “difference image” with
the minimum summed value was extracted. We defined
the assumed accumulation amounts assigned to the
“blurred image” used when the extracted “difference
image”was created as the accumulation amounts in the
left and right caudate/putamen and BG regions.
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F IGURE 2 Flow of the calculation process by the proposed method. The proposed method consists of seven steps. This figure shows the
flow from Step (1)–(7) of the proposed method. The series from Steps 2–5 was performed 10 times to compute more accurate accumulation
amounts

Step (6): The assumed accumulation amounts
assigned to each region in Step (2) were first selected
as the approximate amounts. As Steps (2)–(5) was
iterated, the assumed accumulation amounts were

updated in detail. Through the iterations, we scruti-
nized for more accurate accumulation amounts. Details
of updating process are given in the Supporting
information.
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F IGURE 3 The establishment of the volume of interests (VOIs). The left image shows the establishment of VOIs of the caudate, putamen,
and the whole brain as background (BG) regions on computed tomography. The right image shows the VOIs of each region on single-photon
emission computed tomography

Step (7): After Steps No. 2–No. 5 was iterated, the
final “blurred image,” which was the closest to the “real
image,” was extracted. We subsequently defined this
final extracted “blurred image”as the “generated image.”
The “assigned image” corresponded to the “generated
image” was extracted. This “assigned image” was the
ideal image with no blur reflecting the accumulation
amounts in the left and right caudate/putamen and the
BG regions, and we defined this “assigned image” as
the “ideal assigned image.” We finally determined the
assumed accumulation amounts of the left and right
caudate/putamen and BG regions assigned to the “ideal
assigned image” as SPECT count densities for each
region. The SPECT count density obtained by the pro-
posed method was defined as Cproposed.We computed
the SBR and caudate-putamen ratio (CPR) with the
Equation (1) and (2) respectively.

SBR =
Cproposed (caudate or putamen) − Cproposed (BG)

Cproposed (BG)
(1)

CPR =
Cproposed (caudate) − Cproposed (BG)

Cproposed (putamen) − Cproposed (BG)
(2)

2.4 Comparison method

2.4.1 CT-guide method

VOIs,as shown in Figure 3,were used (the striatal region
was not included in the BG). We computed the SPECT
count densities for the left and right caudate/putamen
and BG regions using these VOIs. The SPECT count
density computed by the CT-guide method was defined
as CCT-guide. The CCT-guide did not consider PVE.

2.4.2 Conventional PVC method

We used two conventional methods of PVC, the GTM
method and the RBV method. The GTM method is a
VOI-based PVC method described by Rousset et al.,10

while the RBV method,described by Thomas et al.,11 is a
voxel-wise PVC that extends the GTM method.We used
the same FWHM as in Section 2.3 and the same VOIs
as mentioned in Section 2.4.1 (Figure 3). The SPECT
count density computed by the GTM and RBV methods
were defined as CGTM and CRBV, respectively.

2.4.3 Southampton method

The Southampton method, described by Tossici-Bolt
et al.,12 is widely used in Japan and uses a large VOI,
including the entire striatum, to correct the PVE. The
SPECT count density computed by this method was
defined as CSouthampton. We used the software DaTView
(AZE, Tokyo, Japan), which adopted the Southampton
method to compute the CSouthampton for the left and right
striatum and BG regions.

2.5 Statistical analysis

We measured the actual count density (counts/s g) of
123I solution filled into the phantom by an auto-well
counter. We evaluated the Pearson’s correlation coeffi-
cients (CoC) between the actual count density and the
SPECT count densities computed by five methods (i.e.,
Cproposed, CCT-guide, CGTM, CRBV, and CSouthampton). The
significance of the differences between the CoCs of
four methods, excluding the Southampton method, were
tested using the Meng–Rosenthal–Rubin method20 with
Bonferroni correction for multiple comparisons. The
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“Real image”

“Real image”

“Generated image”

“Generated image”

(a)

(b)

F IGURE 4 Comparison between the “real image” and the
“generated image”. The “real image” and the “generated image”
obtained from Phantom 1 (a) and the image obtained by Phantom 2
(b)

difference between CoCs could not be tested in the
Southampton method because the VOIs used in the
analysis of the Southampton method were different from
the ones used in other methods; p-values < 0.05 were
considered statistically significant.

In Phantom 2, SBR and CPR (calculated by the
actual count density of 123I solution in the phantom)
were defined as theoretical values. The absolute errors
between the SBR calculated by the proposed method
and the theoretical value were calculated using the
Equation (3) (the absolute errors for CPR were also cal-
culated):

Absolute error = calculated value

(the proposed method) − theoretical value. (3)

3 RESULTS

The comparison between the “real image,” which is the
actual measured SPECT image and the “generated
image”obtained by the proposed method is represented
in Figure 4.The images shown in Figure 4 had the same
display conditions (color range and slice position), and
the counts and contrasts of the caudate, putamen, and
BG in the “generated image” were visually similar to
them in the “real image.”

The CoC between the actual count density filled into
the phantom and the SPECT count densities calcu-
lated by five methods are shown in Table 2. The CoC

between the actual count density filled into the phantom
and the Cproposed (CoCproposed), CCT-guide (CoCCT-guide),
CGTM (CoCGTM), CRBV (CoCRBV), and CSouthampton
(CoCSouthampton) were 0.997, 0.973, 0.951, 0.950, and
0.996, respectively (Figure 5; all CoCs were significant
[p <0.001]). Upon testing the significant difference of
CoCs, CoCproposed was significantly higher than the
CoCs of the other methods (except the Southampton
method). No significant difference was found between
other methods. Although the significant difference
between CoCproposed and CoCSouthampton could not be
tested as mentioned in Section 2, CoCproposed was
almost comparable to CoCSouthampton.

In Phantom 2, the errors between the SBR calcu-
lated by the proposed method and the theoretical SBR,
calculated by the actual count density of 123I solution
filled into the phantom, are shown in Table 3. The SBR
calculated by the proposed method was overestimated
in all regions. In addition, the absolute errors between
the CPR calculated by the proposed method and the
theoretical CPR were approximately 0.1, and the CPRs
calculated by the proposed method approached the
theoretical CPRs (Table 4).

4 DISCUSSION

It is desirable to evaluate the accumulation amounts in
the caudate and putamen separately, considering the
pathology of PD. However, it is difficult to evaluate the
accumulation amounts due to PVE accurately. There-
fore, this study aimed to verify whether the newly pro-
posed method could accurately evaluate the accumula-
tion amounts in the caudate and putamen with reduced
PVE and compared the proposed method with the con-
ventional PVC methods.

The SPECT count densities computed by all meth-
ods used in this study significantly correlated with the
actual count density filled in the phantom (Figure 5,
Table 2). The CoCproposed was significantly higher than
the CoCs of the other methods (except the Southamp-
ton method,Table 2).The differences between the CoCs
of the other methods (except the Southampton method)
were not significant (Table 2). Although the differences
between the CoCGTM/CoCRBV(the conventional PVC
method) and the CoCCT-guide (no PVC method) were
not significant, the CoCGTM and CoCRBV tended to be
slightly lower than that of the CoCCT-guide (Table 2). In
this study, we used a line source phantom to measure
the FWHM used in the PVC methods. A previous study
had reported that the calculation using physical FWHM
might bring false results since the physical FWHM mea-
sured using a line source phantom is different from
the FWHM measured in the acquisition condition of
the striatal setup.21 This is one reason the CoCGTM
and CoCRBV were lower than the CoCs of the other
methods. Moreover, since the GTM method and RBV
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TABLE 2 The correlation coefficients between the actual count density and five methods

The difference test of correlation coefficient p-value*

Correlation coefficient p-Value Proposed method CT-guide method GTM method

Proposed method 0.997 <0.001 – – –

CT-guide method 0.973 <0.001 <0.001 – –

GTM method 0.951 <0.001 <0.001 0.042 –

RBV method 0.950 <0.001 <0.001 0.042 0.684

Southampton method 0.996 <0.001 – – –

*Correlation is significant at the 0.008 level with Bonferroni correction.

TABLE 3 Comparison between the theoretical specific binding ratio (SBR) and SBR obtained by the proposed method

Right caudate Right putamen Left caudate Left putamen

Theoretical SBR 9.17 9.17 4.73 3.79

Calculated SBR 11.83 11.07 5.92 4.36

Absolute error 2.65 1.89 1.19 0.57

Note: Theoretical SBR, the SBR calculated by the actual count density of 123I solution filled in the phantom. Calculated SBR, the SBR calculated by the proposed
method. Absolute error, the difference between the theoretical SBR and calculated SBR.

TABLE 4 Comparison between the theoretical caudate–putamen
ratio (CPR) and CPR obtained by the proposed method

� Right striatum Left striatum

Theoretical CPR 1.00 1.25

Calculated CPR 1.07 1.36

Absolute error 0.07 0.11

Note: Theoretical CPR, the CPR calculated by the actual count density of 123I
solution filled in the phantom. Calculated CPR, the CPR calculated by the pro-
posed method. Absolute error, the difference between the theoretical CPR and
the calculated CPR.

method do not compare with the actual measured image
and value in the calculation process, the error between
the processing results and the actual image/value was
large. Contrarily, because the proposed method exam-
ined the most probable accumulation amounts while
repeatedly comparing with the actual measured image,
the proposed method could compute the amounts more
accurately. Moreover, the proposed method worked well
using the same physical FWHM used in the GTM
method and the RBV method; therefore, the difference
between the calculation processes described above
contributed to the influence of the FWHM on calculated
results.

Among the various PVC methods, it has been
reported that the RBV method brought better results
than others.11 In this study, the difference between
the CoCGTM (the region-based method) and CoCRBV
(the voxel-based method) was not significant (Table 2).
Because it was a phantom study with uniform activ-
ity distributions, the difference between GTM and RBV
methods was not considered significant. It has been
reported that the voxel-based PVC methods were not
noise-robust,22 and there were cases with artifacts.23

The half -life of the 123I tracer is longer than the
PET tracer or 99mTc tracer and cannot increase the
dosage from the perspective of exposure.Therefore, the
obtained image used 123I tracer is noisier than the PET
image or 99mTc image. Since the proposed method was
region-based PVC, which balanced the accumulation
amounts in each region and performed processing that
brought it closer to the actual measured image, examin-
ing true count density suppressing the effects of noise,
the highest correlation was obtained in the proposed
method. The region-based PVC computes the average
value in the region, suppressing the influence of noise;
contrarily, the voxel-based PVC may emphasize noise.
However, the voxel-based PVC can consider the non-
uniformity accumulation and be useful when the evalua-
tion is combined with visual interpretation.21 By applying
a process that treats several to several tens of voxels as
a group and performs PVC, which might be performed
by taking respective advantages of region-based and
voxel-based PVC.

It is expected that the Southampton method can
relatively suppress noise since a large VOI used in
the Southampton method included more counts than
the other methods used in this study, which analyses
the caudate and putamen separately. As expected, the
CSouthampton strongly correlated with the actual count
density (correlation of 0.996). The significant difference
test between CoCproposed and CoCSouthampton could
not be performed due to the difference in the analy-
sis process. However, CoCproposed was comparable to
CoCSouthampton. In other words, the proposed method
could analyze the caudate and putamen separately,
resulting in the comparable accuracy of the Southamp-
ton method. However, the SBRs were overestimated in



8 of 11 ITO ET AL.

0

100

200

300

400

500

600

700

800

900

0 5000 10000 15000 20000 25000 30000
C

pr
op

os
ed

(c
ou

nt
/p

ix
el

)

The actual count density (count/s g)

0

50

100

150

200

250

300

350

400

450

0 5000 10000 15000 20000 25000 30000

C
C

T
-g

ui
de

)lexip/tnuoc(

The actual count density (count/s g)

0

200

400

600

800

1000

1200

1400

0 5000 10000 15000 20000 25000 30000

C
G

T
M

(c
ou

nt
/p

ix
el

)

The actual count density (count/s g)

0

200

400

600

800

1000

1200

1400

0 5000 10000 15000 20000 25000 30000

C
R

B
V

)lexip/tnuo c(

The actual count density (count/s g)

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

0 5000 10000 15000 20000 25000

C
So

ut
ha

m
pt

on
(c

ou
nt

/m
L

)

The actual count density (count/s g)

r=0.997
p < 0.001

r=0.973
p < 0.001

r=0.951
p < 0.001

r=0.950
p < 0.001

r=0.996
p < 0.001

(a)

(b) (c)

(d) (e)

F IGURE 5 The correlation between the actual count density and the single-photon emission computed tomography (SPECT) count density.
The figure shows the correlation between the actual count density of the 123I solution filled in the phantom and the SPECT count densities
computed by (a) the proposed method, (b) the computed tomography guide method, (c) the geometric transfer matrix method, (d) the
region-based voxel-wise method, and (e) the Southampton method

all regions (Table 3). This overestimation was because
the contrast between the striatum and BG was overem-
phasized due to over-correction by SC, AC, and PVC. It
has been reported that SC and AC improve the quanti-
tative evaluation compared to no corrections.6,7,14,24 In
addition to SC and AC,PVC also has been reported to be

valuable in quantitative evaluation.6,7 Although the SBR
is overestimated by the over-correction, these SBRs did
not indicate the absolute theoretical SBRs calculated
by the actual count density of 123I solution filled into
the phantom. Since Cproposed strongly correlated with
the actual count density filled in the phantom, the SBRs
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calculated by the proposed method did not represent
the absolute theoretical SBR but the relative theoretical
SBR on SPECT image. In support of this, the CPRs
were extremely close to the absolute theoretical CPRs
(Table 4). The Cproposeds of the caudate and putamen
were increased by the corrections;however, the caudate
was divided by the putamen in the CPR, which indicates
the influence of the over-correction was canceled.
Therefore, the CPRs approached the absolute theoret-
ical CPRs. In PD, the accumulation begins to decrease
from the putamen.16 Hence, while evaluating the accu-
rate CPR, the proposed method can detect the accu-
mulation reduction in the putamen with high sensitivity,
which is expected to be beneficial in clinical practice.

Although the proposed method is similar to the
BasGan25 or Van Cittert (VC) method,26 differences
exist.The proposed method uses morphological images.
In the proposed method, the accumulation amounts in
each region are narrowed down from a wide range,
and processing is performed to gradually hit the true
amounts. Moreover, since the analysis is performed by
comparing many image patterns, it is different from the
other two methods. Therefore, though it takes more time
than the other methods, there is a possibility that more
accurate values may be calculated.

This study had certain limitations. Only phantoms
were examined in this study. The image, approximated
most to the actual measured SPECT image, was exam-
ined by generating tens of thousands of SPECT-like
images. As a result, the process took time, which is
not suitable for clinical practice in the present form.
Moreover, our examination was region-based for the
proposed method, which can be extended to a voxel-
based method. In future, it is necessary to compare the
results of this study with a voxel-based method extend-
ing the proposed method.Although some improvements
are needed in the proposed method, we obtained highly
accurate results. Issues to be examined in future include
shortening of processing time,voxel-based comparative
study, application to clinical cases, and comparing the
proposed method with the conventional methods in
clinical cases. In clinical use, CT images cannot distin-
guish between the caudate and putamen; therefore, it
would be better to use MR images. Moreover, adding
the cerebral ventricles (low or no accumulation) regions
to the calculation process in addition to the caudate,
putamen, and BG regions will allow more accurate
calculations.

5 CONCLUSION

In conclusion, using the newly proposed method, the
accumulation amounts in the caudate and the puta-
men considering PVE could be calculated separately.
We proved the validity of the proposed method by com-
paring it with conventional PVC methods. However, this

study was conducted using phantoms.Therefore, further
research in clinical settings is warranted.

Supporting information

The details of updating process in the proposed method
Based on the positional information of the left and

right caudate/putamen BG regions obtained by Step (1),
five values (0, 0.5, 1.0, 1.5, and 2.0) were assumed to
be the accumulation amounts and were assigned to
each region in the first step of Step (2). Ideal images
with no blur (“assigned image”) were generated with
this step. Since five assumed accumulation amounts
(0, 0.5, 1.0, 1.5, 2.0) were assigned to the five regions
(the left and right caudate/putamen and BG regions),
55 = 3125 “assigned images” were generated. In Step
(3), these “assigned images” were blurred by apply-
ing a 3D Gaussian filter, which generated the same
number of “blurred images” as the “assigned images.”
Then, the “blurred image”which was most approximated
to the “real image” among these “blurred images” was
extracted, and the accumulation amounts among the
five regions were determined. This is the first process
in Step (1)–(5). These accumulation amounts obtained
in the first process were from the wide range of assumed
accumulation amounts,0,0.5,1.0,1.5,and 2.0 (the range
of the assumed accumulation amounts was 0–2.0, and
the interval of the assumed accumulation amounts was
0.5). Therefore, the assumed accumulation amounts
were needed to update in detail to examine the “blurred
image” that was more approximated to the “real image.”
The range and interval of the assumed accumulation
amounts assigned in the next process were updated to
half of the range and the interval of the assumed accu-
mulation amounts assigned in the pre-process of Step
(2).

For example, it hypothesizes that the “blurred image”
is most approximated to the “real image”when 1.0 as the
assumed accumulation amount is assigned to a certain
region. Among the assumed accumulation amounts (0,
0.5, 1.0, 1.5, 2.0) assigned in the first process, the val-
ues before and after the 1.0, which is the value when
the “blurred image” is most approximated to the “real
image” are determined as the range of the assumed
accumulation amounts assigned in the second process.
In other words, the range of the assumed accumula-
tion amounts assigned in the second process is 0.5–1.5.
Moreover, although the interval of the assumed accu-
mulation amounts of 0, 0.5, 1.0, 1.5, and 2.0 is 0.5 in
the first process, the interval is 0.25 in the second pro-
cess, which is half of the first process. Therefore, the
five values, 0.50, 0.75, 1.00, 1.25, and 1.50, are reas-
signed to the same region as the assumed accumulation
amounts in the second process. An exception process
was performed in case the “blurred image” was most
approximated to the “real image” when the assumed
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F IGURE 6 The relationship between the number of processing
times and the variability rate. (a) Shows the relation between the
number of processing times and the variability of specific binding
ratio (SBR). SBRs were converged as the processing was repeated.
When the number of processing times was more than seven, the
variability rates of the SBR were less than 5%. (b) Shows the relation
between the number of processing times and the caudate/putamen
ratio variability. This relation showed a similar trend to the SBR

accumulation amount was zero since the process in the
proposed method was performed so that the assumed
accumulation amount was never negative.

In case the “blurred image” is approximated most
to the “real image” when the assumed accumulation
amount is 0, the range of the assumed accumulation
amount assigned in the second process is not the
value before and after 0, which is assigned in the first
process, and as an exception, only the value after the
0 is used. In other words, the range of the assumed
accumulation amounts assigned in the second process
will be from 0 to 0.50 in this update. However, the
interval of the assumed accumulation amounts is 0.25,
as with the usual process. Therefore, three values, 0,
0.25, and 0.50, as the assumed accumulation amounts,
are assigned again in the second process in case the

“blurred image” is most approximated to the “real image”
when the assumed accumulation amount is 0. This
update process of the assumed accumulation amounts
was performed in all regions (the left and right cau-
date/putamen and BG regions). Subsequently, Steps
(2)–(5) was iterated to approach the more probable
values. This series (Steps (2)–(5)) was performed 10
times.

We also investigated whether it was reasonable to
perform Steps (2)–(5) 10 times in the present study. The
variability rate of SBR with the number of processes
was calculated using the following formula:

Variability rate (%) =
SBRn+1 − SBRn

SBRn
× 100 (4)

SBRn represents the SBR in the nth process.The vari-
ability rate of CPR was also calculated using Equation
(4).The variability rate of SBR and CPR with the number
of processes is shown in Figure 6. We considered SBR
and CPR to converge when the number of processes
was over seven since SBR and CPR variability rates
were less than 5%. Therefore, 10 times, which was the
number of processes used in this study, was sufficient
to converge.
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