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Abstract
Purpose Quantification of the tracer distribution would add objectivity to the visual assessments of dopamine transporter 
(DAT) single photon emission computed tomography (SPECT) data. Our study aimed to evaluate the diagnostic utility of 
fractal dimension (FD) as a quantitative indicator of tracer distribution and compared with the conventional quantitative 
value: specific binding ratio (SBR). We also evaluated the utility of the combined index SBR/FD (SBR divided by FD).
Materials and methods We conducted both clinical and phantom studies. In the clinical study, 150 patients including 110 
patients with Parkinsonian syndrome (PS) and 40 without PS were enrolled. In the phantom study, we used a striatal phantom 
with the striatum chamber divided into two spaces, representing the caudate nucleus and putamen. The SBR, FD, and SBR/
FD were calculated and compared between datasets for evaluating the diagnostic utility. Mann–Whitney test and receiver-
operating characteristics (ROC) analysis were used for analysis.
Results ROC analysis revealed that the FD value had high diagnostic performance [the areas under the curve (AUC) = 0.943] 
and the combined use of SBR and FD (SBR/FD) delivered better results than the SBR alone (AUC, 0.964 vs 0.899; p < 0.001). 
The sensitivity, specificity, and accuracy, respectively, were 79.1, 85.0, and 80.7% with SBR, 84.5, 97.5, and 88.0% with 
FD, and 92.7, 87.5, and 91.3% with SBR/FD.
Conclusion Our results confirmed that the FD value is a useful diagnostic index, which reflects the tracer distribution in 
DAT SPECT images. The combined use of SBR and FD was more useful than either used alone.
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Introduction

A pathophysiological hallmark of Parkinson’s disease 
(PD) is the progressive degeneration of dopaminergic 
neurons in the substantia nigra. Positron emission tomog-
raphy (PET) or single photon emission computed tomog-
raphy (SPECT) with radioactive tracers that have a high 
affinity for the dopamine transporter (DAT) are regarded 
as adjuncts to confirm the clinical diagnosis of extrapy-
ramidal diseases. Previous studies have proved that DAT 
SPECT with 123I-Ioflupane is effective in differentiating 
neurodegenerative Parkinsonian syndrome (PS) including 
PD or dementia with Lewy body (DLB) from other neu-
rological disorders such as essential tremor, drug-induced 
Parkinsonism, and Alzheimer’s disease [1, 2].

Visual interpretation plays an important role in assess-
ing DAT SPECT data. The normal striatum is clearly vis-
ible as symmetric, comma-shaped regions, with both the 
caudate and putamen yielding high intensity in images 
compared to the background, while an asymmetric, dot 
shaped, or diffuse deterioration pattern is observed in 
patients with PS. This reflects the fact that the dopamin-
ergic activity in the posterior side of the striatum can be 
easily compromised owing to disease progression [3] and 
the tracer accumulation declines from the posterior part 
of the striatum. Therefore, visual interpretation is thought 
to be essential, although a previous study indicated that 
suboptimal inter-observer agreement may lead to variable 
interpretation of DAT SPECT images [4].

Quantification of striatal uptake is usually conducted in 
addition to visual assessments of the DAT SPECT images. 
The quantitative technique is particularly useful for objec-
tive evaluation or for the detection of subtle reductions in 
tracer uptake, which are difficult to capture with visual 
assessments. Specific binding ratio (SBR), which was pro-
posed by Tossici-Bolt et al. [5], is widely used to meas-
ure the total striatal 123I-Ioflupane uptake. This method 
provides a reproducible and sensitive index using a pen-
tagonal prism-shaped volume of interest (VOI), which 
encompasses a wide area of the striatum while reducing 
partial volume effect. However, it is known that the SBR is 
reduced with aging [6], and that it is affected by the dilata-
tion of the ventricles or the cerebral sulcus [7], leading to 
inaccurate results in such cases.

Quantifying the information of tracer distribution would 
make visual interpretation objective. Fractal dimension 
(FD) is a mathematical index for the quantification of 
spatial heterogeneity, which can be applied not only to 
structure but also to tracer distribution, and we construed 
that FD could enable an objective assessment and replace 
visual interpretation. Nagao et al. proposed three-dimen-
sional-fractal analysis (3D-FA) to calculate the FD in 

SPECT imaging [8–13]. In this method, threshold values 
of the maximal pixel radioactivity of the SPECT image are 
set, and the number of pixels obtained at each threshold is 
measured. FD is calculated on the basis of the relationship 
between the threshold values and the number of pixels. 
Figure 1 is the schematic diagram of case with PS and 
non Parkinsonian syndrome (NPS) when applying 3D-FA 
to DAT SPECT. We expected that the FD values would 
increase in cases with PS, because their posterior striatal 
uptake declines, while cases with NPS show homogeneous 
radioisotope (RI) distribution.

Furthermore, we can combine SBR and FD quantita-
tively to obtain the information on tracer accumulation and 
distribution simultaneously. Previous reports have indi-
cated that a combined approach of visual interpretation 
and quantitative assessments yields better reproducibility 
with results and accurate diagnoses [14–17]. Therefore, 
higher diagnostic ability is expected by combining these 
two types of quantitative values.

This study aimed to evaluate the utility of FD as a quan-
titative index of tracer distribution for assessments of DAT 
SPECT data.

Fig. 1  The schematic diagram of 3D-FA in DAT SPECT: a PS pat-
tern; and b NPS pattern. For calculating FD value, we changed the 
threshold so as to delineate the striatum from 40 to 60% of the maxi-
mal pixel radioactivity. FD value indicates the transition of the num-
ber of pixels according to the change of the threshold setting. In the 
case of NPS, the transition is not so large, because the RI uptake in 
the striatum is uniformly high. On the other hand, in the case of PS, 
the transition becomes larger, because the RI uptake in the striatum 
is ununiformly low. 3D-FA three-dimensional-fractal analysis, DAT 
dopamine transporter, SPECT single photon emission computed 
tomography, PS Parkinsonian syndrome, NPS non Parkinsonian syn-
drome, FD fractal dimension, RI radioisotope
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Materials and methods

Quantification of the SBR, FD, and SBR/FD values

We used two diagnostic indices, SBR and FD, for the quanti-
tative assessments. The SBR was calculated using the DaT-
VIEW software (Nihon Medi-Physics, Tokyo, Japan) based 
on Tossici-Bolt’s method [5]. The FD, which represents the 
spatial distribution of tracer uptake, was calculated using the 
3D-FA method proposed by Nagao et al. [8–13]. The 3D-FA 
method is a modified box counting method of fractal theory. 
The relationship between a measure (M) and the scale (ε) is 
expressed as,

where M is the number of pixels within the VOI, ε is the 
threshold value, k is a scaling constant, and D is the fractal 
dimension.

We set the threshold values so as to delineate the striatum 
at 40, 45, 50, 55, and 60% of the maximal pixel radioactiv-
ity within the VOIs. This threshold setting effectively cov-
ers the tracer accumulation of the striatum. In this method, 
we used the same shape as the Tossici-Bolt’s VOI, which 
encompasses the entire striatal uptake and the partial volume 
counts detected outside the physical volume of the striatum. 
Furthermore, we measured the number of pixels within the 
delineated VOIs obtained at each cut-off level using the 
ImageJ (National Institutes of Health, Bethesda, MD) soft-
ware [18]. The number of pixels and the threshold values 
were transformed into natural logarithms and the relation-
ship between these was plotted to obtain the FD from the 
slope of the regression line (Fig. 2).

Furthermore, we proposed a more accurate diagnosis, 
with the introduction of a combination value defined as SBR 
divided by FD (SBR/FD).

Striatal phantom study

We used a striatal phantom (NMP Business Support Com-
pany, Hyogo, Japan) with the striatum chamber divided into 
two spaces, representing the caudate nucleus and putamen. 
The 123I concentration was adjusted to be 44 kBq/mL in 
the caudate nucleus chamber, 44 kBq/mL in the putamen 
chamber, and 5.5 kBq/mL in the background; thus, their 
relative proportion was 8:8:1 in the right striatum. The 123I 
concentration was adjusted to 44, 38.5, and 5.5 kBq/mL, 
respectively, with a relative proportion of 8:7:1 in the left 
striatum. We also used relative proportions of 8:6:1, 8:4:1, 
8:8:2, 8:7:2, 8:6:2, and 8:4:2, prepared in the same way as 
described above.

(1)M(�) = k�−D,

(2)logM(�) = logk − D log �,

Clinical study

In this retrospective study, we selected 183 consecutive 
patients, who underwent DAT SPECT from February 2014 
to August 2015. DAT SPECT was performed to detect 
abnormalities in the nigrostriatal dopaminergic system. 
Of the 183 patients, 33 were excluded from the study 
because of insufficient clinical information, or the effect of 
some deficiency including infarction or hemorrhage con-
firmed by CT or MRI images. The remaining 150 patients 
(median age 68 years; range 30–89 years; male/female, 
82/68), including 110 patients with PS and 40 without 
(NPS), were included.

The patients with PS were diagnosed on the basis of the 
clinical diagnostic criteria of the UK Parkinson’s disease 
society brain bank (Step1). The 110 patients presented with 
symptoms of bradykinesia in addition to at least one of the 
following: muscular rigidity, 4–6 Hz rest tremor, or postural 
instability, not caused by primary visual, vestibular, cerebellar, 
or proprioceptive dysfunction. The remaining 40 patients were 

Fig. 2  Representative cases with NPS and PS. FD value can differ-
entiate between NPS and PS cases. PS Parkinsonian syndrome, NPS 
non Parkinsonian syndrome, FD fractal dimension
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diagnosed as NPS, as they did not satisfy the criteria. DLB 
patients without Parkinsonism were not included in our study.

The institutional review board of the hospital granted per-
mission for this retrospective review of imaging and clinical 
data, and waived the requirement for obtaining informed con-
sent from the patients.

SPECT acquisition and reconstruction

SPECT imaging was performed using the Discovery NM/
CT 670 pro system (GE Healthcare, Milwaukee, WI, USA) 
mounted with a FAN beam collimator. In the clinical stud-
ies, SPECT images were acquired 3 h after the injection of 
123I-Ioflupane (185 MBq). The imaging parameters were as 
follows: matrix size, 128 × 128; pixel size, 4.4 mm; slice thick-
ness, 4.4 mm; energy window, 159 keV ± 10%. The projection 
data acquired for 30 min were reconstructed on a Xeleris work-
station (GE Healthcare) using the ordered-subset expectation 
maximization (OSEM) method (iterations, 3; subset, 10). A 
Butterworth filter with a critical frequency of 0.5 and power 
of 10.0 was applied. Neither scatter correction nor attenuation 
correction was used.

Statistical analysis

All the statistical analyses were performed using the SPSS 
software (version 14.0J; SPSS Inc., Chicago, IL, USA) and 
statistical package R (version 3.2.2; available as a free down-
load from http://www.r-proje ct.org).

Two nuclear medicine physicians set the VOIs for the cal-
culations of intra-class correlation coefficient (ICC) and for the 
Bland–Altman analysis [19], for the 150 cases.

The Mann–Whitney test was used to compare values 
between the two groups. In addition, we performed a receiver-
operating characteristics (ROC) analysis of the three indices 
(SBR, FD, and SBR/FD) to evaluate the area under the ROC 
curve (AUC). We used the DeLong method for the calculation 
of the difference between two AUCs [20]. The optimal cut-
off values were determined on the basis of the ROC curves, 
and the sensitivity, specificity, and accuracy of the respective 
diagnostic values were calculated.

In the clinical study, we measured bilateral striatal uptake 
of the patients, and the values of worse side were used for 
statistical analysis.

Results with p values < 0.05 were considered statistically 
significant.

Results

Striatal phantom study

Figure 3a shows the phantom images of the eight progres-
sively decreasing concentrations used in this study, 8:8:1, 
8:7:1, 8:6:1, 8:4:1, 8:8:2, 8:7:2, 8:6:2, and 8:4:2.

We calculated the FD and SBR values from these phan-
tom images and confirmed that the FD values exhibited 
fractal properties, as linear regression fit values (r2) of 0.9 
or greater were observed in the log–log plots of the total 
number of pixels vs the threshold values.

The phantom study highlighted the expected relation-
ship between FD and SBR; low concentration of stri-
atal uptake led to a high FD value and a low SBR value 
(Fig. 3b). In addition, it was proved that FD could detect 
both, dot and diffuse deterioration patterns; FD tended to 
increase with a decrease in the RI concentration in the 
posterior side of the striatum, and FD values of images 
with the same background concentration were relatively 
lower than those of images with twice the background 
concentration.

Fig. 3  a Phantom images for the 8 types of RI concentration; 8:8:1, 
8:7:1, 8:6:1, 8:4:1, 8:8:2, 8:7:2, 8:6:2, and 8:4:2. b The FD and SBR 
values calculated from the phantom images. SPECT single photon 
emission computed tomography, RI radioisotope, SBR specific bind-
ing ratio, FD fractal dimension

http://www.r-project.org
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Clinical study

The patient characteristics are listed in Table 1.
First, we assessed the reproducibility of the quantitative 

values by calculating the ICC and with the Bland–Altman 
plots. The ICC of the SBR was 0.995 (95% CI 0.993–0.996) 
in the right striatum and 0.994 (95% CI 0.992–0.996) in 
the left striatum. The ICC of the FD was 0.999 (95% CI 
0.998–0.999) in the right striatum and 0.998 (95% CI 
0.997–0.998) in the left striatum. The ICCs for inter-
observer variability demonstrated excellent reproducibility 
of both the values, SBR and FD.

The Bland–Altman plots of both the values are shown 
in Fig. 4, where the dashed lines represent the 95% limit 
of agreement (LOA), which is a measure of variability. 
We found good agreement in repeated studies for both 
the values; the mean difference was − 0.002 (95% LOA; 
− 0.323–0.319) for SBR and − 0.004 (95% LOA; − 0.132 
to 0.124) for FD. Furthermore, the variability was smaller 
for FD than for SBR.

Figure 5 is the Beeswarm plots of the FD, SBR, and 
SBR/FD values. There were significant differences 
between the PS and NPS group in each value, based on 
the results of the Mann–Whitney test.

The mean SBR of patients with PS was significantly 
lower than that of patients in the NPS group (3.41 ± 1.11 
vs 5.64 ± 1.49; p < 0.001; Fig. 5a), while the mean FD was 
significantly higher for the PS compared to the NPS group 
(4.06 ± 1.07 vs 2.45 ± 0.22; p < 0.001; Fig. 5b). The mean 
SBR/FD of patients with PS was lower than that of those 
in the NPS group (0.96 ± 0.49 vs 2.37 ± 0.70; p < 0.001; 
Fig. 5c).

In the ROC analysis, the AUCs for SBR, FD, and SBR/
FD were 0.899, 0.943, and 0.964, respectively (Fig. 6a). 
The combined use of SBR and FD enabled a more accurate 
diagnosis than the use of SBR alone (p < 0.001).

Table 1  Patient characteristics

No significant differences were seen with respect to age and the sex 
ratio between PS and NPS groups
PS Parkinsonian syndrome, NPS non Parkinsonian syndrome
*ANOVA test
✝ Chi square test

ALL PS NPS P value

Number of cases 150 110 40 –
Age (years, mean ± SD) 68 ± 11.1 69 ± 10.0 66 ± 13.5 0.21*
Men/women (N) 82/68 59/51 23/17 0.67✝

Fig. 4  The Bland–Altman plots 
of the SBR and FD values. The 
mean difference was − 0.002 
(95% LOA; − 0.323 to 0.319) 
for SBR and − 0.004 (95% 
LOA; − 0.132 to 0.124) for FD. 
The 95% LOA was narrower 
for FD than for SBR, imply-
ing a lower variability for FD. 
SBR specific binding ratio, FD 
fractal dimension, LOA limits of 
agreement

Fig. 5  Beeswarm plots of SBR, FD, and SBR/FD. All three quantita-
tive values could be statistically divided into the two groups by the 
Mann–Whitney test. a SBR: 3.41 ± 1.11 vs 5.64 ± 1.49, p < 0.001, b 

FD: 4.06 ± 1.07 vs 2.45 ± 0.22, p < 0.001, c SBR/FD: 0.96 ± 0.49 vs 
2.37 ± 0.70, p < 0.001. SBR specific binding ratio, FD fractal dimen-
sion, PS Parkinsonian syndrome, NPS non Parkinsonian syndrome
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The cut-off values of SBR, FD, and SBR/FD were 4.31, 
2.89, and 1.65, which were derived from the ROC analysis. 
The sensitivity, specificity, and accuracy values were calcu-
lated using these cut-off values. The sensitivity, specificity, 
and accuracy of SBR were 79.1, 85.0, and 80.7%, respec-
tively; those of FD were 84.5, 97.5, and 88.0%, respectively; 
and those of SBR/FD were 92.7, 87.5, and 91.3%, respec-
tively (Table 2).

At an SBR cut-off value of 4.31, 6 false-positive cases and 
23 false-negative cases were detected, for the 150 patients. 
At an FD cut-off value of 2.89, 1 false-positive case and 17 
false-negative cases were found (Fig. 6b).

Of the 150 patients, 6 showed false-negative values for 
both FD and SBR. However, FD and SBR yielded different 
results for 35 cases; the SBR yielded correct results in 12 
cases and the FD in 23 cases. Of these 35 cases, 28 were 
diagnosed correctly with an improved accuracy when we 
used the SBR/FD index. Figure 7 shows a representative 
case with a discrepancy between the SBR and FD values. In 
the visual assessment, a dot pattern was observed in bilateral 

Fig. 6  ROC analysis of the SBR, FD, and SBR/FD values (a) and the 
scatter plots of the PS and NPS cases (b). a AUCs for SBR, FD, and 
SBR/FD were 0.899, 0.943, and 0.964, respectively. The combined 
use of SBR and FD enabled a more accurate diagnosis than the use 
of SBR alone (p < 0.001). b The cut-off values derived from ROC 

analysis were 4.31 for SBR, 2.89 for FD, and 1.65 for SBR/FD. The 
oblique line represents the cut-off value of SBR/FD. SBR specific 
binding ratio, FD fractal dimension, ROC receiver-operating charac-
teristics, AUC  area under the curve, PS Parkinsonian syndrome, NPS 
non Parkinsonian syndrome

Table 2  Sensitivity, specificity, accuracy and AUC of the quantitative 
values

AUC  area under the curve, SBR specific binding ratio, FD fractal 
dimension

Sensitivity (%) Specificity (%) Accuracy (%) AUC 

SBR 79.1 (87/110) 85.0 (34/40) 80.7 (121/150) 0.899
FD 84.5 (93/110) 97.5 (39/40) 88.0 (132/150) 0.943
SBR/FD 92.7 (102/110) 87.5 (35/40) 91.3 (137/150) 0.964

Fig. 7  A case with differences in results of the SBR and FD. FD val-
ues (3.05[R], 3.42[L]) and SBR/FD values (1.64[R], 1.70[L]) were 
compatible with the visual interpretation, while SBR values (4.99[R], 
5.82[L]) were inconsistent. SBR specific binding ratio, FD fractal 
dimension, R right, L left
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striatum, indicating neurodegeneration. The FD values were 
3.05 in the right striatum and 3.42 in the left striatum, and 
the SBR/FD values were 1.64 in the right striatum and 1.70 
in the left striatum, which was concordant with the visual 
interpretation. However, the SBR values for both the sides of 
the striatum were within normal limits. In this case, there is 
a mismatch between the results of the two values, SBR and 
FD; the incorrect result from the SBR value was presumably 
owing to the effect of brain atrophy.

Discussion

The results of this study revealed that the FD value was 
useful as a diagnostic index with DAT SPECT assessments. 
Furthermore, the combined use of SBR and FD is more 
effective than the use of each parameter separately. The AUC 
of FD was higher than that of SBR (AUC: 0.943 vs 0.899, 
respectively). The combined value of SBR and FD (SBR/
FD) provided the most accurate result (AUC: 0.964), and 
there was significant difference compared to the SBR analy-
sis (p < 0.001). This finding suggests that the combined use 
of SBR and FD will be useful in routine clinical use.

The SBR value simply reflects the tracer concentration of 
the striatum, while the FD value reflects the tracer distribu-
tion. Therefore, we expected that these two values, which 
quantify complementary aspects, improve the diagnostic 
accuracy when used in combination. In our clinical study, 
most of the false-positive or false-negative cases were dif-
ferent for SBR-based and FD-based diagnosis (Fig. 6b). 
Figure 7 shows a representative case with a discrepancy 
between the SBR and FD values.

To our knowledge, this is the first report to quantify the 
distribution of DAT SPECT uptake in the striatum using 
three-dimensional FD value. FD is used to evaluate the spa-
tial heterogeneity of various types of images and previous 
studies have shown the utility of this method in the assess-
ment of medical images [21]. Kuikka et al. have previously 
attempted to use FD to assess SPECT imaging of the stria-
tum [22–24]. However, their fractal method measured an 
aspect that was completely different from the FD index used 
in our study. In their method, M (ε) was the relative disper-
sion (i.e., the standard deviation divided by the mean), and 
ε was the number of subregions, while M (ε) is the number 
of pixels above threshold, and ε is the threshold value in our 
study. We also found a study to have evaluated the utility 
of fractal analysis in DAT SPECT [25, 26], whose detail is 
unknown.

We consider the FD value, which is derived with this 
modified method, would represent the distribution of the RI 
accumulation and this modified method would be more suit-
able for quantifying SPECT imaging with low spatial resolu-
tion. Several previous reports [8–13] also demonstrated the 

utility of this modified method in quantifying other types of 
SPECT imaging such as cerebral blood flow or lung perfu-
sion imaging. This is the reason why we applied this method 
in this study. Our result demonstrated that the FD value was 
increased in the PS group compared with NPS group. We 
suppose this difference is caused by the difference of unu-
niformity in striatum uptake; RI uptake in the striatum is 
high and homogeneous in the case of NPS patients, whereas 
in the case of PS patients, it presents a heterogeneous low 
accumulation.

We used the 3D-FA method proposed by Nagao et al. 
[8–13], as it is simple and provides for easy calculation of 
the spatial distribution of the entire 3D striatum images. This 
method does not require supplemental morphological imag-
ing such as the CT or MRI; the FD value can be calculated 
easily using the SPECT image alone. Some of the previously 
proposed methods require morphological imaging for ana-
tomical standardization [27, 28].

We used the same VOI as previously proposed by Tossici-
Bolt et al. [5], which reduced inter-observer variability and 
enabled us to obtain FD and SBR simultaneously. For cal-
culating the FD value, we defined two VOIs for the striatum 
in this method. Not requiring a use of other VOIs for back-
ground measurement reduces the inter-observer variability 
considerably, as seen in the results of ICC and Bland–Alt-
man plots (Fig. 4). Furthermore, automation will enable 
the simultaneous measurement of SBR and FD requiring 
only the setting of bilateral striatal VOIs. Another merit of 
using this VOI is that it is suitable for the 3D-FA method. 
The background activity that is less than the 40% threshold 
would have little effect on the FD value. Accordingly, we 
speculate that FD value will not vary greatly by changing 
VOI size or shape if its size is enough large to encompass the 
whole striatum uptake. The Tossici-Bolt’s VOI has a wide 
area surrounding the whole striatum. This is the reason why 
we applied this VOI to the 3D-FA analysis.

This study had the following limitations. First, the diag-
nosis of PS was clinically, not pathologically, based. A 
meta-analysis [29] have reported that the pooled diagnostic 
accuracy of PD was 82.7% (95% CI 62.6–93%) on the basis 
of UK Parkinson’s Disease Society Brain Bank Research 
Center criteria. This error rate would have an influence on 
our results. Second, we did not assess the influence of the 
differences in the reconstruction parameters including scat-
ter or attenuation correction, collimator types or the equip-
ment on the FD value. A previous study has demonstrated 
the impact of reconstruction and scanner characterization on 
the diagnosis of SBR value [30]. We consider FD would be 
also influenced by these factors as with SBR. However, we 
think theoretically that FD value may be less influenced by 
the background counts compared with the case of SBR. This 
is because we set the threshold within the VOI for FD cal-
culation. Further studies are needed. Third, FD estimations 
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may be inappropriate in cases where striatal uptakes are 
very low and almost equivalent to the background uptake. In 
such cases, fractal property may not be hold, or the defined 
thresholds may be inappropriate. Hence, the correlation 
coefficient of the regression line in the fractal analysis needs 
to be considered to confirm whether the FD value is appro-
priate, although almost all the FD values calculated in this 
study resulted in a linear regression fit value (r2) of 0.9 or 
greater.

Conclusion

Our phantom and clinical studies revealed that the FD is a 
useful diagnostic index in the assessment of DAT SPECT 
images. For a more accurate diagnosis in routine clinical 
examinations, a combination of the FD and SBR values 
(SBR/FD) is recommended.
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