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Abstract
Background The speci�c binding ratio (SBR), an objective indicator of N-ω-�uoropropyl-2β-carbomethoxy-
3β-(4-[123I] iodophenyl) nortropane ([123I]FP-CIT) single photon emission computed tomography (SPECT)
could be used for the diagnosis of Parkinson' disease and dementia with Lewy bodies. One of the
problems of SBR analysis is the setting position of the volume of interest (VOI) might contain cerebral
ventricles and cerebral groove. These areas become prominent in analysis with brain atrophy, however
these studies have not been done su�ciently.

Results We examined the in�uence of brain atrophy in SBR analysis using Monte Carlo simulation. The
brain atrophy model (BAM) which set the simulate of brain atrophy to 5 stages was prepared using
morphological operation. Projection data was created based on BAM, and SPECT reconstruction was
carried out. The counts of striatal VOI decreased as brain atrophy progresses. Similarly, the counts of the
reference VOI also decreased as brain atrophy progressed. In the striatal VOI counts and the reference VOI
counts, the reference VOI counts was more affected by brain atrophy than striatal VOI counts. The SBR
calculated from these values was overestimated as brain atrophy progresses.

Conclusions It was suggested that the SBR could be overestimated in the secular change of the case in
which brain atrophy advanced.

Background
It has been known for over three decades that the striatal dopamine transporter (DAT) density decreases
in dopaminergic degenerative disorders such as Parkinson's disease (PD) and dementia with Lewy bodies
(DLB) [1, 2]. Single photon emission computed tomography (SPECT) imaging of the DAT density with N-
ω-�uoropropyl-2β-carbomethoxy-3β-(4-[123I]iodophenyl)nortropane ([123I ]FP-CIT) is being used. It is a
recently developed imaging tool that could prove extremely useful for the diagnosis of these diseases
group [3-5].

 To evaluate DAT density decline with [123I ]FP-CIT SPECT, semiquantitative analysis using speci�c
binding ratio (SBR) is widely employed [6, 7]. Proposed by Bolt in 2006, the SBR is one of the most
established among a plethora of analytical strategies in this �eld [8]. SBR is computed as the ratio of
speci�c binding counts from the striatal volume of interest (VOI) to nonspeci�c binding counts from a
reference VOI, devoid of DAT. The formula of SBR for this study is shown below (1).

SBR: speci�c binding ratio by Bolt

Cstotal: striatal VOI total counts [counts]
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Cr: mean counts per volume in the reference VOI [counts/cm3]

VsVOI: volume of striatal VOI [cm3]

Vs: volume of the striatum [cm3]

 The use of a large VOI for striatum is recommended with the purpose of minimizing the in�uence of the
partial volume effect [8]. However, a large striatal VOI may contain several low accumulation areas due to
the adjacent cerebral ventricles and sulci, making the SBR sensitive to the volume of these anatomical
structures. Enlargement of cerebral ventricles and sulci in brain atrophy patients represents a common
issue in diagnostic imaging.

 Several studies have independently reported their in�uence on the SBR calculation using digital
phantoms [9-11]. However, the joint in�uence of cerebral ventricles and sulci has not been previously
examined. Therefore, the goal of this study is to investigate how brain atrophy affects SBR using a Monte
Carlo simulation.

Methods

Brain atrophy model
A brain atrophy model (BAM) was generated from the Zubal brain digital phantom provided by Yale
University [12–14]. Since the Zubal head phantom is based on high-resolution MRI images of normal
adults, the derived BAM could be reproduced detailed clinical studies.

The BAM was created out of the following four segments extracted from the Zubal phantom. The bone
regions were generated from the skull. The striatum regions were putamen and caudate nuclei extracted
from the phantom. The cerebral ventricle regions were the third ventricle, fourth ventricle, lateral ventricles,
cerebral aqueduct, and spinal cord. As for the brain parenchyma regions, white matter and gray matter
were extracted from the phantom. Regions from the cerebral ventricles were also extracted to generate
homogeneous brain parenchyma.

Background regions were created by subtracting cerebral ventricle regions from brain parenchyma
regions. These background regions were used as reference regions for [123I ]FP-CIT SPECT nonspeci�c
binding counts. In addition, cerebral ventricle and brain parenchyma regions underwent morphological
operation to reproduce brain atrophy as described below using the image processing software ImageJ.

Finally, the BAM was created adding together bone regions, striatum regions and background regions.
This process is shown in Fig. 1. 

To simulate �ve patterns of brain atrophy, the BAM was modi�ed by 0.5 pixel from − 1 to + 1. The ratio of
the striatal to brain parenchyma accumulation was set to eight to one. Brain atrophy levels were de�ned
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in descending order from 1 to 5, and level 5 corresponding to the most severe damage. The created BAM
was shown in Fig. 2.

Monte Carlo simulation
Projection data were generated from the BAM using the Monte Carlo simulation code SIMIND provided by
LUND University [15–20]. This code can output several 123I-io�upane simulations. Simulations were
performed assuming the detector structure of Gamma-Camera as the one designed for BrightView
XCT(Hitachi, Ltd. Tokyo, Japan). BrightView XCT is provided with a dual NaI crystal detector, optimized
for size (�eld of view: 40.6 × 53.9 cm; thickness: 9.5 mm). A low-energy high-resolution collimator was
simulated. And a 7.0 cm photomultiplier tube was coupled with the NaI detector. 123I emissions were
simulated as a radiation source.

Projection data were simulated as a 128 × 128 pixels matrix, collected using 90 projections by 4° steps.
The sum of all projection data has been adjusted to 1.5 million counts. The pixel size was set to 3.2 mm.
The main energy window was kept within the 143.1 to 174.9 keV range, it was 159 keV ± 10%. Five sets of
data were simulated per condition.

We adopted the Zubal head phantom density speci�ed by SIMIND: the bone regions density was set to
1.22 g/cm3, while the striatum, cerebral ventricles, and brain parenchyma density was 1.04 g/cm3.

Image reconstruction
The simulated projection data were reconstructed using the Prominence Processor software, version 3.1.
The reconstruction conditions were based on the Japanese [123I ]FP-CIT clinical diagnostic guidelines
[21]. Filtered back projection was performed with a Butterworth �lter, with a cutoff frequency of 0.5
cycles/cm and an order of 8. Attenuation and scatter correction were not performed.

Image analysis
The reconstructed images were analyzed thanks to the image analysis software DatView(Nihon Medi-
Physics, Japan). This software allows computing the SBR based on the Bolt’s analysis method. For the
purpose of this quanti�cation, the images were automatically aligned to the Anterior comisure-Posterior
comisure line. Since the set of BAM was based on the same Zubal phantom, the inclination of the brain
did not vary within the set. Therefore, the correction for the brain inclination was applied across models.
The striatal VOI volume (VsVOI) and striatal volume (Vs) were 283.12 cm3 and 22.4 cm3, respectively, and
the same values were used for all SBR calculations.

The threshold value for the reference VOI was determined based on the 50% of the highest count value. In
order to exclude margins with partial volume effect, the borders of the reference area were set 20 mm



Page 5/16

inwards from the VOI margins. All the analysis parameters were selected according to Bolt's protocol.

SBR quanti�cation was performed on all simulated images for each of the right and left striatal VOI, and
�ve independent counts were averaged per condition. The average value across the right and left side of
the brain was taken as the output measure.

Signi�cant difference tests were performed for each value using the Student’s t test and a statistical
signi�cance was considered at p < 0.05.

Results

BAM
Table 1 shows the volume of the BAM background regions created by morphological operation. As the
brain atrophy progresses, the volume of the background regions decreases. Atrophy level 3 corresponds
to the original Zubal head phantom with no morphological operation applied.

Table 1
Changes in the brain atrophy level and its volume

atrophy level morphological operation BG regions [cm3]

level 1 + 1.0 pixel 1519.34

level 2 + 0.5 pixel 1484.37

level 3 No processing 1387.41

level 4 − 0.5 pixel 1285.63

level 5 − 1.0 pixel 1243.29

The background (BG) regions were changed based on level 3. The higher the level, the greater the
brain atrophy.

 

Striatal and reference VOI value
Table 2 shows the mean counts per volume for the striatal VOI (Cs) and the reference VOI (Cr) and
respective percent change for atrophy level 3. The Cr and the striatal VOI total counts (Cstotal) obtained by
multiplying Cs by the number of volume of the striatal VOI were used for SBR computation.
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Table 2
Changes in mean counts in the striatal VOI and the reference VOI

atrophy level Striatal VOI Reference VOI

mean counts (Cs) percent change [%] mean counts (Cr) percent change [%]

level 1 35.32 ± 0.16 3.64 25.53 ± 0.22 4.93

level 2 35.14 ± 0.11 3.11 25.14 ± 0.19 3.33

level 3 34.08 ± 0.05 0.00 24.33 ± 0.11 0.00

level 4 33.07 ± 0.13 -2.96 23.45 ± 0.18 -3.62

level 5 32.40 ± 0.16 -4.93 22.93 ± 0.28 -5.75

The striatal VOI mean counts were lower at higher atrophy levels. The reference VOI mean counts
showed the same tendency.

Cs and Cr decreased along with the increase of brain atrophy level and reduction of the BAM background
regions. The percent change of Cr was larger than the percent change of Cs for the same atrophy level,
implying that Cr was more in�uenced by the brain atrophy than Cs. In all comparisons except atrophy
level1 vs level2, the Cs values has a signi�cant difference(p < 0.05). In reference VOI, a signi�cant
difference was observed in all Cr values(p < 0.05).

The relationship between Cs and the volume of the BAM background regions is displayed in Fig. 3.
Similarly, the relationship between Cr and the volume of the BAM background regions is displayed in
Fig. 4. Figure 3 and Fig. 4 shows that both Cs and Cr has a strong positive correlation with the volume of
the BAM background regions. 

SBR
Table 3 shows the SBR measurements for each atrophy level and the percent change for atrophy level 3.
The SBR was overestimated as the volume of the atrophy level increased.
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Table 3
Relationship between the brain atrophy leval and the SBR

atrophy level SBR percent change [%]

level 1 4.85 ± 0.21 -4.34

level 2 5.03 ± 0.19 -0.79

level 3 5.07 ± 0.10 0.00

level 4 5.19 ± 019 2.37

level 5 5.23 ± 0.24 3.16

The higher the atrophy level, the higher the SBR. In other words, SBR was overestimated compared to
when there is no atrophy.

A signi�cant difference was observed in the comparison between atrophy level1 to atrophy level4 and 5.
There was no signi�cant difference in the comparison of other values.

The relationship between SBR and the volume of the BAM background regions is displayed in Fig. 5.
These values were inversely correlated. In other words, SBR was overestimated with increasing brain
atrophy and decreasing BAM background regions.

Discussion
This study was investigated how brain atrophy affects the SBR by relying on the Monte Carlo simulation
method. Different degrees of brain atrophy severity were modeled by morphological operation to vary the
volumes of brain parenchyma and cerebral ventricles. Using this method, it was possible to determine the
volume of the brain in detail. By knowing the volume of the brain, we succeeded in investigating the
relationship between brain atrophy and SBR.

The striatal VOI mean binding count was signi�cantly correlated with the volume of the BAM background
regions (Table 2 and Fig. 3). Speci�cally, this measured value decreased as the volume of the brain
parenchyma regions decreased due to brain atrophy. Similarly, the reference VOI mean binding count
showed a signi�cant correlation with the brain parenchyma regions (Table 2 and Fig. 4). As the volume of
the brain parenchyma regions decreased, the counts of the reference VOI decreased. These phenomena
are usually attributed to the relative increase in cerebral sulci and ventricles regions volume in each VOI
due to brain atrophy. To minimize the in�uence of the partial volume effect, the large striatal VOI is used
for calculation of SBR in the Bolt method. Therefore, in the case with brain atrophy, it is possible that
regions where [123I ]FP-CIT dose not accumulate such as cerebral sulci and ventricles is included within
striatal VOI. It is considered that such contamination of regions where [123I ]FP-CIT does not accumulate
cause decreased counts in striatal VOI.

The reference VOI was more strongly affected by brain atrophy as compared to the striatal VOI. It could
be explained with Bolt’s analysis procedure [8]. First, when setting the reference VOI, smoothing
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processing is performed three times within the reference regions and therefore excluding the striatal VOI.
In addition, 50% of the highest count of the reference VOI is set as a threshold value. Finally, the area
20 mm inwards from the margins is set as the reference VOI. The advantage of this method is that it
takes into account the partial volume effect by excluding the marginal areas of the brain. Therefore, in
case of brain atrophy, the affected areas such as cerebral sulci could be excluded. However, the central
part of the brain has different consequences. The volumes of the central sulcus and Sylvian �ssure also
change in brain atrophy. Even if the marginal areas of the brain were excluded, many of these non-
integrated areas were not. Consequently, the reference VOI was more strongly affected than the striatal
VOI.

The change in the SBR value could be explained from the SBR calculation formula. In the SBR
computation, the striatal VOI (VsVOI) volume and the striatum (Vs) volume were kept constant across

simulations. VsVOI and Vs were 283.12 cm3 and 22.4 cm3. Therefore, the VsVOI and Vs do not affect the
SBR analysis. As a result, only the counts of the striatal VOI total counts (Cstotal) and the mean counts per
volume in the reference VOI (Cr) affected the output value in formula 1. That is, the ratio Cstotal/Cr
became the crucial parameter for the SBR calculation. From Table 2, the percent change in the reference
VOI was larger than the one in the striatal VOI. Therefore, the SBR likely re�ects the change of Cr, being
inversely related to Cr. Consequently, the SBR was overestimated in the model of cerebral atrophy in
which the value of Cr more decreased.

As evident from Table 3 and Fig. 5, the SBR calculated using the Bolt’s approach showed a signi�cant
negative correlation with brain atrophy. In other words, the SBR was overestimated as the brain
parenchyma volume decreased as a consequence of brain atrophy. Our �ndings are in accordance with
the observations made by Furuta et al., who only altered the size of the brain ventricles [10].

In this study, brain atrophy particularly affected the reference VOI. Several methods for calculating the
SBR rely on a reference VOI corresponding to the whole brain or the occipital lobe. In the SBR analysis of
patients with brain atrophy, it should be considered a preferable option to modify the position of the
reference VOI depending on of degree of regional brain atrophy. However, Watanabe's report highlighted
that the SBR values change with the setting of the reference VOI threshold [11]. Therefore it is risky to
shift the setting range of the threshold value and VOI location unnecessarily, and further investigations
are needed to ascertain the pros and cons of this option. Alternatively, it might be necessary to introduce
a new analysis method independent of a reference VOI. Possible alternatives are estimates only based on
the VOI of the striatum or on the accumulation shape of the striatum.

Many patients undergoing [123I ]FP-CIT SPECT examination are elderly. It has been reported that age-
related causes brain atrophy[22, 23]. We showed that brain atrophy induced an overestimation of SBR
values. This overestimation is a confounding factor for the estimation of the DAT density decrease when
the diagnosis of dopaminergic degenerative disorders.
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Overestimation of SBR may be a particular problem in diseases in which the whole striatum
accumulation decreases such as DLB. It has been shown that SBR estimates decrease in DLB with the
time course of the [123I ]FP-CIT SPECT investigation. Recent data analysis research of ENC-DAT shows
that SBR decreases with age [24, 25]. However, in cases with advanced brain atrophy due to aging, this
effect was counteracted by the related overestimation of the SBR.

In this study, the accumulation of the striatum was constant. Therefore, it is necessary to consider
alternative unbiased models to properly measure the decreased striatal [123I ]FP-CIT SPECT
accumulation in diseases such as PD and DLB.

Conclusions
This Monte Carlo simulation study clari�ed that SBR values are overestimated in patients with brain
atrophy. Therefore, the in�uence of brain atrophy should be taken into account in the SBR computation.

Abbreviations
SBR = speci�c binding ratio

SPECT = single photon emission computed tomography

VOI = volume of interest
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DAT = dopamine transporter

PD = Parkinson's disease
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VsVOI = striatal VOI volume

Vs = striatal volume

Cs = mean counts per volume for striatal VOI

Cr = mean counts per volume for reference VOI

Cstotal = striatal VOI total counts
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Figure 1

At �rst, four areas were extracted from the MRI-based Zubal head phantom. Next, background regions
were created by differentiating the cerebral ventricle regions from the brain parenchyma regions. Finally,
BAM was generated by combining bone regions, striatum regions and background regions subjected to
morphological operation.

Figure 2

5 patterns of BAM were created. The atrophy level 5 corresponds to the most severe brain damage. The
atrophy level 3 corresponds to the original Zubal head phantom with no morphological operation applied.
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Figure 3

The relationship between Cs and the volume of the BAM background regions is displayed. Cs linearly
increased with the volume of the BAM background regions increased.
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Figure 4

The relationship between Cr and the volume of the BAM background regions is displayed. Cr linearly
increased with the volume of the BAM background regions increased.
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Figure 5

The relationship between SBR and the volume of the BAM background regions is displayed. SBR
decreased as the volume of the BAM background regions increased.


