
1

Vol.:(0123456789)

Scientific Reports |          (2022) 12:168  | https://doi.org/10.1038/s41598-021-04078-x

www.nature.com/scientificreports

Influence of brain atrophy using 
semiquantitative analysis in [123I]
FP‑CIT single‑photon emission 
computed tomography by a Monte 
Carlo simulation study
Hiroki Nosaka1,2, Masahisa Onoguchi2*, Hiroyuki Tsushima3, Masaya Suda4,5, 
Satoshi Kurata6, Ayano Onoma7 & Ryosuke Murakawa8

The specific binding ratio (SBR) is an objective indicator of N-ω-fluoropropyl-2β-carbomethoxy-
3β-(4-[123I] iodophenyl) nortropane ([123I]FP-CIT) single-photon emission computed tomography 
(SPECT) that could be used for the diagnosis of Parkinson’s disease and Lewy body dementia. One of 
the issues of the SBR analysis is that the setting position of the volume of interest (VOI) may contain 
cerebral ventricles and cerebral grooves. These areas may become prominent during the brain atrophy 
analysis; however, this phenomenon has not been evaluated enough. This study thus used Monte 
Carlo simulations to examine the effect of brain atrophy on the SBR analysis. The brain atrophy model 
(BAM) used to simulate the three stages of brain atrophy was made using a morphological operation. 
Brain atrophy levels were defined in the descending order from 1 to 3, with Level 3 indicating to the 
most severe damage. Projection data were created based on BAM, and the SPECT reconstruction was 
performed. The ratio of the striatal to background region accumulation was set to a rate of 8:1, 6:1, 
and 4:1. The striatal and the reference VOI mean value were decreased as brain atrophy progressed. 
Additionally, the Bolt’s analysis methods revealed that the reference VOI value was more affected by 
brain atrophy than the striatal VOI value. Finally, the calculated SBR value was overestimated as brain 
atrophy progressed, and a similar trend was observed when the ratios of the striatal to background 
region accumulation were changed. This study thus suggests that the SBR can be overestimated in 
cases of advanced brain atrophy.

Abbreviations
SBR	� Specific binding ratio
SPECT	� Single-photon emission computed tomography
VOI	� Volume of interest
BAM	� Brain atrophy model
DAT	� Dopamine transporter
PD	� Parkinson’s disease
DLB	� Dementia with Lewy bodies
VsVOI	� Striatal VOI volume
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Vs	� Striatal volume
Cs	� Mean counts per volume for striatal VOI
Cr	� Mean counts per volume for reference VOI
Cstotal	� Striatal VOI total counts

It has been known for over three decades that the striatal dopamine transporter (DAT) density is reduced in 
dopaminergic degenerative disorders such as Parkinson’s disease (PD) and dementia with Lewy bodies (DLB)1,2. 
The single-photon emission computed tomography (SPECT) imaging of DAT density with N-ω-fluoropropyl-
2β-carbomethoxy-3β-(4-[123I]iodophenyl)nortropane ([123I]FP-CIT) is a novel imaging modality commonly 
used in clinical settings nowadays. The [123I]FP-CIT imaging is a recently developed tool that can prove to be 
extremely useful in the diagnosis of dopaminergic degenerative disorders3–5 because it can differentiate these 
disorders from other neurodegenerative diseases such as Alzheimer’s disease (AD).

A very common method to evaluate the reduction in DAT density with [123I]FP-CIT SPECT, is to perform 
semi-quantitative analyses using the specific binding ratio (SBR)6,7. This ratio could be a prominent index of 
differential diagnosis, thus helping clinicians selects the appropriate patient treatment. First proposed by Bolt in 
2006, it is one of the most useful and established quantitative indices among a plethora of analytical strategies 
in this field8.

More specifically, the SBR is calculated as the ratio of specific binding counts from the striatal volume of 
interest (VOI) to the nonspecific binding counts from a reference VOI, devoid of DAT. The equation of SBR for 
this study is

where SBR is the specific binding ratio by Bolt, Cstotal is the striatal VOI total counts [counts], Cr represents the 
mean counts per volume in the reference VOI [counts/cm3], VsVOI is the volume of striatal VOI [cm3], and Vs is 
the volume of the striatum [cm3]. The use of a large VOI for striatum is recommended to minimize the influence 
of the partial volume effect8.

Patient’s brain atrophy is one of the issues encountered when using SBR in clinical practice. Enlargement of 
cerebral ventricles and sulci in patients with brain atrophy is a common issue in diagnostic imaging. It is known 
that many degenerative brain diseases are accompanied by brain atrophy. Atrophy of the hippocampus is a char-
acteristic of dementias, such as AD and DLB. Additionally, atrophy of the medial temporal lobe is known to be 
present in AD and DLB9. In a longitudinal study using magnetic resonance imaging (MRI), DLB, and AD, the 
authors reported greater rates of whole brain atrophy compared to age-matched normal groups10. A large striatal 
VOI for SBR analysis may contain several low-accumulation areas because of the adjacent cerebral ventricles and 
sulci. Consequently, contamination of these low-accumulation areas has been reported to decrease the accuracy 
of SBR11–15. Thus, the SBR analysis in case of brain atrophy may lead to decreased diagnostic accuracy.

Several studies have performed SBR calculations using digital phantoms13–15. However, these studies per-
formed simple numerical calculations and did not sufficiently consider the clinical situation. Therefore, this study 
used a digital phantom and a Monte Carlo simulation, which can be employed for more clinically relevant studies 
because it can consider the effects of physical phenomena such as photon scattering and attenuation16.For this 
reason, this study investigated the effect of brain atrophy on SBR using a Monte Carlo simulation.

Methods
Brain atrophy model (BAM).  A BAM was generated from the Zubal brain digital phantom provided by 
Yale University, USA17–19. Since the Zubal head phantom is based on high-resolution MRI images (width: 256 
pixels, height: 256 pixels, thickness: 128 pixels, voxel size: 1.1 × 1.1 × 1.4 mm) of normal adults, the derived BAM 
could reproduce 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 striatal regions were putamen and caudate nuclei extracted from 
the phantom; the cerebral ventricle regions were the third, fourth, and lateral ventricles, but also the cerebral 
aqueduct, and the spinal cord. Furthermore, and with respect to the brain parenchyma regions, white and gray 
matter was 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 . These 
background regions were used as reference regions for [123I]FP-CIT SPECT nonspecific binding counts. Addi-
tionally, cerebral ventricle and brain parenchyma regions underwent a morphological operation to reproduce 
brain atrophy using the image-processing software ImageJ as described below20,21.

Finally, BAM was created by adding the bone, striatum, and background regions. This process is shown in 
Fig. 1. The same operation was performed on all slices, and thus the process was performed in three dimensions.

To simulate the three patterns of brain atrophy, the background regions underwent a morphological operation 
with 0.5 pixels. The ratio of the striatum to brain parenchyma accumulation was set to a rate of 8:1, 6:1, and 4:1. 
Brain atrophy levels were defined in the descending order from 1 to 3, with Level 3 corresponding to the most 
severe damage. The generated BAM is shown in Fig. 2. The volume of the whole brain volume at atrophy Level 
1, the least atrophic level, was 1387.41 cm3. Several studies on brain volume and PD have shown that the whole 
brain volume of normal control patients [123I]FP-CIT SPECT was reported to be approximately < 1500 ml22,23. 
Therefore, Level 1 defined normal cases in this study.
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Monte Carlo simulation.  Projection data were generated using the Monte Carlo simulation code SIMIND 
provided by LUND University, Sweden16,24–31. This code considers photoelectric, incoherent, coherent interac-
tions, and pair production in the detector and phantom. The source and the density maps were developed from 
the BAM to simulate the projection date. Assuming a simple model, the source map was only in the back-
ground and striatal regions and no sources were placed in any other regions. The background regions were set to 
3.60 kBq/ml, which is the amount of accumulation observed after 5 h of injection in clinical settings1. The ratio 
of the striatal to background region accumulation was set to a rate of 8:1, 6:1, and 4:1. The density map was cre-
ated with bone and non-bone regions, and the density of each region was 1.22 g/cm3 and 1.04 g/cm3 simulated 
clinical values, respectively. The source map and the density map are shown in Fig. 3.

Simulations were performed while assuming a Gamma-Camera detector structure such as the one designed 
for the BrightView XCT(Hitachi, Ltd. Tokyo, Japan). The BrightView XCT is provided with a dual NaI crystal 
detector that is optimized for size (field of view: 40.6 × 53.9 cm: thickness: 9.5 mm). A low-energy high-resolution 
collimator was also simulated, and a 7.0 cm photomultiplier tube was coupled with the NaI detector. Finally, 123I 
emissions were simulated as a radiation source.

Projection data were simulated as a matrix of 128 × 128 pixels, and they were collected using 90 projections 
with a 4° step size. The sum of all projection data was adjusted to 1.5 million counts, and the pixel size was set 

Figure 1.   At first, four areas were extracted from the magnetic resonance imaging based Zubal head phantom. 
Next, the background regions were created by differentiating the cerebral ventricle regions from the brain 
parenchyma regions. Finally, brain atrophy model (BAM) was generated by combining bone, striatum, and 
background regions subjected to the morphological operation.

Figure 2.   Three BAM patterns were created. Atrophy Level 3 corresponds to the most severe brain damage. By 
contrast, atrophy Level 1 corresponds to the original Zubal head phantom where no morphological operation is 
applied.
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to 3.2 mm. The main energy window was maintained within the 143.1 to 174.9 keV range, and its value was 
159 keV ± 10%. Five sets of data were simulated per condition. The conditions for these simulated projection data 
were determined by referring to the Japanese [123I] FP-CIT clinical diagnosis guidelines32. A maximum of five 
scatter orders were permitted in the phantom. For all simulations, projection data were simulated such that they 
corresponded to an acquisition time of 30 s. Five independent simulations were performed for each condition.

Image reconstruction.  The simulated projection data were reconstructed using the Prominence Processor 
software, version 3.1. Reconstruction conditions were determined in accordance with the Japanese [123I]FP-
CIT clinical diagnostic guidelines32. Filtered back-projection was performed with a Butterworth filter, using a 
cutoff frequency of 0.5 cycles/cm and an order of eight. Attenuation and scatter corrections were not performed.

Image analysis.  The reconstructed images were analyzed using the image analysis software DatView (Nihon 
Medi-Physics, Japan). This software allows the SBR computations based on the Bolt analysis method8. Quanti-
fication was performed by automatically aligning all images to the anterior commissure–posterior commissure 
line. Since the BAM set was based on the same Zubal phantom, the inclination of the brain did not vary within 
the set. Thus, brain inclination corrections were applied across the used models. The striatal VOI volume (VsVOI) 
and striatal volume (Vs) were 141.56 and 17.92 cm3 respectively, which were intrinsic values in the analysis 
software, and the same values were used for all SBR measurements. The threshold value for the reference VOI 
was determined based on the 50% of the highest count value excluding the striatal area. To exclude the margins 
with partial volume effects, the borders of the reference area were set to 20 mm inward from the VOI margins. 
All analysis parameters were selected following the Bolt protocol. The schematic diagram of the VOI setting is 
shown in Fig. 4.

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

Significance difference tests were performed using Student’s t-test. Statistical significance was defined as a 
p-value < 0.05. A significance difference test for each level was performed using Level 1 as the standard.

Results
BAM.  Table 1 shows the volume of BAM background regions created using the subsequent morphological 
operation. As the brain atrophy progresses, the volume of the background regions decreased. Atrophy Level 1 
corresponds to the original Zubal head phantom with no morphological operation applied and to the normal 
total brain volume in clinical practice22,23.

Figure 3.   The source and density maps were created from BAM. The source map involved both background 
and striatal regions. The ratio of the striatal to background region accumulation was set to rates of 8:1, 6:1, and 
4:1. The density map consisted of two parts only—bone and non-bone—and each density was 1.22 g/cm3 and 
1.04 g/cm3, respectively.

Figure 4.   Schematic diagram of VOI setting. The unit of the striatal VOI is mm. The reference VOI was set to 
background regions, and it was then smoothed except for the striatal VOI.
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Monte Carlo simulation.  The total photon number per projection of the source map was between 770,118 
and 902,673 counts. Figure 5 shows a total number of photons detected by the detector. All combinations of total 
detected photons were significantly different (p < 0.05).

Striatal and reference VOI value.  Figure 6 illustrates the relationship between Cs and the volume of the 
BAM background regions, whereas Fig. 7 presents the relationship between Cr and the volume of the BAM back-
ground regions. The minimum and maximum errors are also listed. These figures demonstrate that both Cs and 
Cr have a strong positive correlation with the volume of the BAM background regions. There was no difference 
in the trend between the differences in the ratio of the striatal to background region accumulation. The slopes 
of the approximate curves for Cs with the BAM background regions were 0.0007 (R2 = 0.9842) for 8:1, 0.0007 
(R2 = 0.9956) for 6:1, and 0.001 (R2 = 0.9984) for 4:1. Similarly, the slopes for Cr were 0.0009 (R2 = 0.9976) for 8:1, 
0.0011 (R2 = 0.9986) for 6:1, and 0.001 (R2 = 0.9998) for 4:1. All combinations of Cs except for Level 2 vs Level 

Table 1.   Changes in the brain atrophy level and its volume. Background regions changed based on Level 1. 
The higher the level, the greater the brain atrophies.

Atrophy level Morphological operation BG region [cm3]

1 No processing 1387.41

2  − 0.5 pixel 1285.63

3  − 1.0 pixel 1243.29

Figure 5.   Relationship between detected total counts and the volume of BAM background regions. Cs 
decreased linearly with the increasing volume of BAM background regions.

Figure 6.   Relationship between Cs and the volume of BAM background regions. Cs decreased linearly with the 
increasing volume of BAM background regions.
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3 at 6:1 differed significantly (p < 0.05). And all combinations of Cr except for Level 2 vs Level 3 at 8:1 differed 
significantly (p < 0.05).

SBR.  Figure 8 exhibits the relationship between the SBR and the volume of BAM background regions. These 
values were inversely correlated, that is, the SBR tended to be overestimated with increasing brain atrophy 
and decreasing BAM background regions. The trend did not change for different ratios of the striatal to back-
ground region accumulation. The slopes of the approximate curves for SBR and the BAM background regions 
were − 0.0028 (R2 = 0.9998) for 8:1, − 0.0027 (R2 = 0.9829) for 6:1, and − 0.0009 (R2 = 0.9551) for 4:1. All combina-
tions of SBR except for Level 2 vs Level 3 at 4:1 and 8:1 differed significantly (p < 0.05).

Discussion
This study used Monte Carlo simulations to investigate the effect of brain atrophy on SBR. Different degrees of 
brain atrophy severity were modeled by the morphological operation to vary the volumes of the brain paren-
chyma and cerebral ventricles. Using this method, it was possible to determine the volume of the brain in detail. 
Consequently, knowing the volume of the brain allowed us to successfully investigate the relationship between 
brain atrophy and SBR.

Cs was significantly correlated with the volume of the BAM background regions (Fig. 6). More specifically, 
this measured value decreased as the volume of the brain parenchyma regions decreased. Similarly, Cr showed a 
significant correlation with the brain parenchyma regions (Fig. 7). 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 the cerebral sulci and ventricle region volumes in each VOI caused by brain atrophy. To minimize the 
influence of the partial volume effect, the large striatal VOI is used for calculating the SBR in the Bolt method. 
Thus, in brain atrophy cases, it is possible that low-count regions where [123I]FP-CIT does not accumulate, such 

Figure 7.   Relationship between Cr and the volume of BAM background regions. Cr decreased linearly with the 
increasing volume of BAM background regions.

Figure 8.   Relationship between specific binding ratio (SBR) and the volume of BAM background regions. The 
SBR decreased with the increasing volume of BAM background regions.
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as the cerebral sulci and ventricles, may be included within the striatal VOI. It is considered that this contamina-
tion by low-count regions can result in decreased counts in the striatal VOI. Similarly, it is considered that the 
reference VOI value also decreased due to the contamination by low-count regions caused by brain atrophy.

Change in the SBR value can be explained through the SBR calculation formula. In the SBR computation, 
the striatal VOI (VsVOI) volume and the striatum (Vs) volume were kept constant across the simulations (VsVOI 
and Vs were 141.56 and 17.92 cm3, respectively). Therefore, VsVOI and Vs did not affect the SBR analysis. Con-
sequently, only the striatal VOI total counts (Cstotal) and the mean counts per volume in the reference VOI 
(Cr) affected the output value in Eq. (1). Hence, the ratio Cstotal/Cr becomes the critical parameter for the SBR 
calculation. Since the striatal VOI (VsVOI) volume is always constant, both Cstotal and Cs follow the same trend. 
Therefore, the Cs value was used in this study. Even when the actual Cs and Cr values change, the measure-
ments will remain constant provided that the rate of change is the same. However, in this study, the SBR was 
overestimated due to brain atrophy because the rate of change of Cs and Cr was different. Table 2 shows the rate 
of change of Cs and Cr and the resulting SBR. This table shows the rate of increase in the values at each level, 
with Level 1 as the reference.

We found that the change in Cr is larger than that of Cs. This can be explained by the Bolt analysis procedure8. 
In the Bolt analysis, when the reference VOI is initially set, smoothing is performed within the reference regions, 
thus excluding the striatal VOI. This smoothing process might be affecting the decreasing rate of change for Cr. 
As a result, the SBR was overestimated because changes in Cs were smaller than changes in Cr. Furthermore, 
the overestimation of the SBR was similar when the ratios of the striatal to background region accumulation 
were changed.

This study underlines that the SBR calculated using the Bolt approach showed a significantly negative cor-
relation with brain atrophy. Consequently, the decrease in brain parenchyma volume caused by brain atrophy 
induces an overestimation of SBR. Our findings are consistent with the results by Furuta et al.14 where in the size 
of the brain ventricles were solely altered.

Furthermore, we found that brain atrophy could particularly affect the reference VOI. Several methods for 
calculating the SBR rely on a reference VOI, which in turn corresponds to the whole brain or the occipital lobe6,33. 
In the SBR analysis of patients with brain atrophy, the modification of the reference VOI position according to 
the degree of regional brain atrophy should be considered as a preferable option. However, Watanabe’s report 
highlighted that the SBR values could change according to the setting of the reference VOI threshold15. Thus, it 
may be precarious to shift the setting range of the threshold value and the VOI location unnecessarily.

Most patients that undergo the [123I]FP-CIT SPECT examination are elderly. It has been reported that old age 
is a prominent factor of brain atrophy34,35. In this study, we showed that brain atrophy induced an overestimation 
of the SBR values. This overestimation is a confounding factor for the estimation of the DAT density decrease in 
the diagnosis of dopaminergic degenerative disorders.

The SBR overestimation may be a particular issue in diseases in which the whole striatum accumulation 
decreases such as DLB. It has been shown that SBR estimates a decrease in DLB with the time course of the 
[123I]FP-CIT SPECT investigation. Recent data analysis research on ENC-DAT has shown that SBR decreases 
with age36,37. However, in cases with advanced brain atrophy due to aging, this effect may be counteracted by 
the related SBR overestimation.

Finally, our findings revealed that the accumulation of the striatum was constant. Thus, alternative unbiased 
models must be considered to properly measure the decreased striatal [123I]FP-CIT SPECT accumulation in 
diseases such as PD and DLB. Furthermore, one of the limitations of this study is that the whole brain volume 
was geometrically changed in the morphological operation; thus, fine tuning was not possible. It was also sug-
gested that the detected count may decrease due to brain atrophy. Therefore it might be recommended that 
imaging conditions be based on acquisition counts rather than acquisition time. This Monte Carlo simulation 
study clarified that SBR values were overestimated in patients with brain atrophy. Thus, the influence of brain 
atrophy should be seriously considered when measuring SBR.

Conclusion
In conclusion, the SBR is overestimated in cases of progressive brain atrophy. It was also found that the SBR 
overestimates were more affected when striatal accumulation was low.

Received: 21 June 2021; Accepted: 13 December 2021

Table 2.   Rate of change in values due to brain atrophy. Rate of change for each value with reference to atrophy 
Level 1. All values increased with the increase in the degree of brain atrophy.

Atrophy Level

Striatal VOI mean counts 
(Cs)

Reference VOI mean 
counts (Cr) SBR

8:1 6:1 4:1 8:1 6:1 4:1 8:1 6:1 4:1

1 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

2 98.67 98.31 97.34 96.85 96.52 96.52 104.02 104.95 103.47

3 98.38 97.80 96.42 95.81 94.82 95.16 105.80 108.40 105.40
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