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a b s t r a c t

Introduction: This study evaluates the image quality and quantitative accuracy of SPECT images with 
pre- and post-reconstruction smoothing filters  in somatostatin receptor scintigraphy using phantom 
data.
Methods: We evaluated the spatial resolution, the contrast-to-noise ratio (CNR), and the quantitative 
accuracy using a NEMA IEC body phantom filled with a 111In solution. SPECT images were obtained with 
a Siemens Symbia T16 SPECT/CT system. Quantitative accuracy refers to the ability to accurately esti
mate the radioactive concentration of 111In in the phantom from the image. SPECT reconstructions were 
performed using three methods: post-reconstruction Gaussian filtering (post-G), pre-reconstruction 
Gaussian filtering (pre-G), and pre-reconstruction Butterworth filtering (pre-B). To verify each 
filtering  method, the cut-off frequency of the Butterworth filter and the full width at half maximum 
(FWHM) of the Gaussian filter were each changed to eight different settings.
Results: FWHMs were 21.2, 19.8, and 18.0 mm for post-G, pre-G, and pre-B. CNRs (37-mm sphere) were 
47.2, 63.8, and 69.5. Pre-B showed a 12.0 % error rate at 0.40 cycles/cm, while post-G and pre-G showed 
20.2 % and 22.0 % at 7.2-mm FWHM. Pre-B outperformed other methods for resolution, CNR, and 
quantitative accuracy.
Conclusion: For 111In-pentetreotide SPECT images, image reconstruction with a Butterworth filter 
applied to the projection image before reconstruction was found to be superior to reconstruction with a 
Gaussian filter in terms of image quality and quantitative accuracy.
This method can be easily implemented in routine clinical SPECT imaging workflows and has the po
tential to improve diagnostic confidence.
Implications for practice: The proposed method with a pre-reconstruction Butterworth filter has great 
potential to improve the image quality and quantitative accuracy of 111In-SPECT images.
© 2025 The Author(s). Published by Elsevier Ltd on behalf of The College of Radiographers. This is an 

open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

Somatostatin receptors are expressed in various cells of the 
central nervous system, including the pituitary, gastrointestinal 
tract (pancreas, gastrointestinal tract) and neuroendocrine cells. 
These receptors are also expressed in tumor cells such as pituitary 
adenomas and gastrointestinal hormone-secreting tumors.1
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Somatostatin receptor scintigraphy (SRS) is used to detect neuro
endocrine tumors that express somatostatin receptor (SSTR) 2, 3 
and 5. Accurate detection is clinically important because it 
strongly influences  treatment strategies.2–4 Although the Society 
of Nuclear Medicine and Molecular Imaging (SNMMI) and the 
European Association of Nuclear Medicine (EANM) guidelines 
have suggested the use of SSTR positron emission tomography 
(PET) to select patients for peptide receptor radionuclide therapy 
(PRRT), PET agents such as 68Ga-DOTATATE have not yet received 
pharmaceutical approval in Japan.5–7 Therefore, improving the 
detectability of neuroendocrine tumors using 111In-pentetreotide 
SRS remains an important clinical challenge.

Single photon emission computed tomography (SPECT), a 
three-dimensional imaging technique, is used in SRS.8,9 Projection 
data obtained from SPECT acquisition are typically reconstructed 
using iterative methods. Smoothing filters, such as Gaussian filters, 
are commonly applied after reconstruction to reduce image 
noise.10–12 However, post-reconstruction Gaussian filtering  may 
degrade spatial resolution and underestimate pixel values, making 
it difficult to detect small lesions.13–15 Therefore, filtering methods 
that reduce image noise while preserving the spatial resolution of 
the image are important for the detection of small lesions. There 
have been many previous studies on improving the image quality 
by filtering.16–19 Ito et al.20 reported a nonlinear diffusion (NLD) 
method that reduces noise while preserving spatial resolution, but 
its implementation on commercial clinical devices remains chal
lenging. Therefore, we focused on smoothing filtering  methods 
that are available in commercial clinical devices. Although the 
SIEMENS SPECT system uses a Gaussian filter as a post- 
reconstruction smoothing filter  in the iterative reconstruction, 
we speculated that image quality could be improved by applying 
filters  to the projection data before image reconstruction. The 
reason for the standard use of post-reconstruction filtering is not 
entirely clear, but it is presumed to help reduce Gibbs artifacts, 
which are a common issue in reconstruction methods that incor
porate spatial resolution correction.21 The study focusing on such 
filtering procedures has been reported in simulations,16 but there 
are no reports using actual clinical devices. In addition, statistical 
noise is an issue in SRS because the standard dose of 111In-pente
treotide is 111 MBq, which is lower than that of 99mTc. Therefore, it 
is worthwhile to verify an appropriate smoothing filter method for 
111In-pentetreotide SPECT images. The aim of this study is to 
evaluate the image quality and quantitative accuracy of 111In- 
pentetreotide SPECT images generated using pre- and post- 
reconstruction smoothing filters with phantom data.

Methods

SPECT acquisition protocol

All data were acquired with a dual-head SPECT/CT system 
(Symbia T16, Siemens Healthcare, Erlangen, Germany) equipped 
with a medium-energy low-penetration (MELP) collimator, which 
had a sensitivity of 8.4 cpm/kBq at gallium-67 (67Ga) with a 20 % 
window and a system resolution of 12.5 mm (Full Width at Half 
Maximum (FWHM) at 10 cm distance). The energy windows for 
SPECT imaging were 172 keV ± 10 % and 247 keV ± 10 % for the 
main window. All projection data were acquired in step-and-shoot 
mode for 15 min (60 steps, 30 s/step, 128 × 128 matrix, magnifi
cation 1.0, 4.8 mm/pixel size). The CT imaging conditions were as 
follows: tube voltage of 130 kV, tube current of 60 mA with CARE 
Dose 4D™, rotation speed of 0.5 s, and slice thickness of 1.5 mm. 
SPECT acquisition was performed once.

SPECT reconstruction and filtering methods

All images were reconstructed using the Flash3D™ algorithm, 
integrating attenuation correction according to an attenuation 
map derived from the CT data. The number of subsets and itera
tions was set to 10 and 10, respectively, based on the clinical 
condition. Three different filtering  methods were compared 
(Fig. 1). The conventional method (post-G) reconstructed the 
SPECT projection data by iterative approximation, and then per
formed smoothing with a Gaussian filter  as a 3D post- 
reconstruction filter. Our proposed methods are to smooth the 
SPECT projection data with a Gaussian filter  (pre-G) and Butter
worth filter (pre-B) as 2D pre-reconstruction filters, respectively, 
and then perform iterative reconstruction using the filtered data. 
The 2D pre-reconstruction filtering was applied independently on 
each projection. The cutoff frequency of the Butterworth filter was 
set to 0.30, 0.35, 0.40, 0.45, 0.50, 0.55, 0.60, and 0.65 (cycles/cm), 
and the order was set to 8. The FWHM of the Gaussian filter was set 
to 7.2, 8.4, 9.6, 10.8, 12.0, 13.2, 14.4, and 15.6 (mm). The filter 
equations used in this study are shown below: 

Gaussian filter : F(x; y)=
1

2πσ2 exp
(

−
x2 + y2

2σ2

)

(1) 

Butterworth filter : B(f )=
1

1 + (f=fc)
2n (2) 

where, σ is the standard deviation, fc is the cutoff frequency, n is 
the order. The FWHM of the Gaussian filter  is approximately 
12 mm in clinical practice, so the FWHM range was set to fully 
cover that range. The Butterworth filter parameters were chosen to 
visually approximate the Gaussian-filtered images. The images 
with the Butterworth filter as the post-reconstruction filter were 
not considered in this study because moir�e-type artifacts appeared 
in the reconstructed images.

Phantom design

A NEMA IEC body phantom (Data Spectrum, NC, USA) was used 
to simulate the upper abdomen. Spheres of the phantom (size: 10-, 
13-, 17-, 22-, 28-, and 37-mm diameter) were filled with an 111In 
solution (10.8 kBq/mL), and activity was added to the background 
compartment to achieve a sphere-to-background ratio of 8:1. This 
ratio was chosen because it approximates the clinical accumulation 
observed 24 h after administration in tumors compared to the 
liver.22,23 The cross-calibration factor (CCF) to calculate the radio
activity concentration (Bq/mL) was measured using a cylindrical 
phantom (diameter 20 cm, volume 6840 mL), which was filled with 
an 111In solution (3.47 kBq/mL). The CCF was calculated as follows: 

CCF
(

Bq=mL
SPECT counts=pixel

)

=
A

Mcount
(3) 

where A is the decay-corrected activity (Bq/mL) at the start time of 
the SPECT acquisition, and Mcount is the mean counts in the region 
of interest (ROI) drawn on the SPECT transverse image of the cy
lindrical phantom.24

Image assessment

Spatial resolution
The profile curves were set to a 28-mm diameter hot sphere in 

both the horizontal and vertical directions on the axial SPECT 
image using the Daemon Research Image Processor (DRIP; PDR 
Pharma Co. Ltd, Tokyo, Japan) (Fig. 2). The spatial resolution of 
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each filtering method was evaluated by the average horizontal and 
vertical FWHM values calculated from each profile curve.

Contrast to noise ratio

The volumes of interest (VOIs) were placed on the 17-, 22-, 28- 
and 37-mm diameter hot spheres in the SPECT transverse image of 
the NEMA IEC body phantom using the DRIP (Fig. 3(a)).22 The VOIs 
were drawn as spherical regions along the contours of each hot 
sphere on the CT images and then pasted onto the SPECT images. 
To evaluate the signal value and noise in the background region, 12 
ROIs with a diameter of 37 mm were placed around the periphery 
of the hot sphere in the SPECT transverse image (Fig. 3(b)). The 
contrast-to-noise ratio (CNR) was calculated from each SPECT 
reconstructed image using different filtering methods according to 
the following formula: 

CNR=(CT − CBG) = SDBG (4) 

where, CT is the mean counts of the 17-, 22-, 28-, and 37-mm 
diameter spherical VOIs, CBG is the mean count of the background 
ROIs which is calculated from 12 circular ROIs of 37 mm in diameter 
on the phantom background and SDBG is the standard deviation of 
the background ROIs. Partial volume correction (PVC) was not 
applied in this study because PVC is not routinely performed in 
clinical SPECT imaging workflows, and we aimed to evaluate filter 
performance under standard reconstruction conditions.

Accuracy of quantification

We evaluated the quantitative accuracy of each reconstructed 
image by three filtering methods using the error rate between the 

measured values of the radioactivity concentration in 17-, 22-, 28-, 
and 37-mm diameter hot spheres and the true values of the 
radioactivity concentration in the hot spheres. The radioactivity 
concentrations were calculated as: 

Radioactivity concentration (Bq =mL)=Mcount × CCF (5) 

The CCF used the values calculated for each filter  parameter. 
The error rate was calculated as: 

Error rate (%)= (measured value − true value)=true value × 100
(6) 

Statistical analysis

Statistical comparisons of FWHM, CNR, and error rates among 
the different filtering  methods were performed using the 
Steel–Dwass test. Analyses were conducted with Easy R (Saitama 
Medical Center, Jichi Medical University, Saitama, Japan), version 
1.52, and R (The R Foundation for Statistical Computing, Vienna, 
Austria), version 4.0.2.25 A p-value of <0.05 was considered sta
tistically significant.

Results

Spatial resolution

The SPECT reconstruction images and the FWHM results for 
each filtering method are shown in Figs. 4 and 5, respectively. For 
each filtering  method, the FWHM increased with increasing 
smoothing strength. When the filtering  method was pre-B, the 
FWHM value was the lowest compared to the other methods, at 
18.0 mm when the cut-off frequency was 0.65 cycles/cm (Fig. 5(c)). 
Statistical analysis also revealed a significant difference in FWHM 
between pre-B and post-G (p < 0.05). When comparing the post-G 
and pre-G methods, the lowest FWHM values were 21.2 mm and 
19.8 mm, respectively, with the pre-G method showing a lower 
value (Fig. 5(a and b)). In addition, when the cut-off frequency was 
above 0.50 cycles/cm in the pre-B method, the change in FWHM 
was small, and when the cut-off frequency changed from 0.50 to 
0.65 cycles/cm, the change in FWHM was only 0.8 mm, whereas in 
the post-G and pre-G methods, the FWHM changed linearly with 
the change in smoothing strength.

Contrast to noise ratio

The mean value for each hot sphere and the mean and standard 
deviation for the background region for each filtering method are 
shown in Table 1, and the CNR results are indicated in Fig. 6. For 
each filtering  method, the CNR increased as the smoothing 

Horizontal
Vertical

Figure 2. Profile curve setting at 28-mm hot sphere in the horizontal and vertical 
directions in the axial SPECT image.

Projection
data

Iterative
reconstruction Gaussian filter Display

Projection
data Gaussian filter Iterative

reconstruction Display

(a)

(b)

Projection
data Butterworth filter Iterative

reconstruction Display(c)

Figure 1. Three different reconstruction and filtering methods. (a) Post-reconstruction Gaussian filtering (post-G), (b) Pre-reconstruction Gaussian filtering (pre-G), and (c) Pre- 
reconstruction Butterworth filtering (pre-B).
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intensity increased; for the 37 mm sphere, the pre-B method had a 
CNR of 69.5 at 0.30 cycles/cm, the highest value compared to the 
other methods (Fig. 6(c)). This was also observed for the other 
sphere sizes, with the pre-B method having the highest CNR, 
however, statistical analysis showed no significant differences in 
CNR between each filtering method. The pre-B method had a 
larger standard deviation in the background region than the other 
methods, but the hot sphere measurements tended to be higher 
(Table 1). When comparing the post-G and pre-G methods, the 
post-G method had a higher CNR when the FWHM of the Gaussian 
filter was 7.2 mm, but when the FWHM was 8.4 mm or higher, the 
pre-G method had a higher CNR than the post-G method (Fig. 6(a 
and b)).

Accuracy of quantification

The error rate between the true and measured values for each 
hot sphere is shown in Fig. 7. When the sphere diameter was 
17 mm, the error rate was large for all filter methods, and the error 
rates for post-G, pre-G, and pre-B were 54.7 %, 62.2 %, and 51.5 %, 
respectively, with the pre-B method having the lowest error rate. 
When the sphere diameter was 37 mm, the error rates for post-G, 

pre-G, and pre-B were 20.2 %, 22.0 %, and 12.0 %, respectively, and 
the quantitative accuracy of pre-B was about 10 % better than the 
other filter methods. For other sphere sizes, the pre-B method also 
showed the lowest error rate and statistical analysis showed sig
nificant  differences in 22 mm, 28 mm, and 37 mm sphere size 
compared to other filtering methods (p < 0.05). When the post-G 
and pre-G methods were compared, the post-G method showed 
an error rate that was approximately 5 % lower. For the pre-G 
method, the error rate increased strongly, especially with 
increasing FWHM of the Gaussian filter.

Summary of key performance metrics

To provide an overview of the results, Table 2 summarizes the 
key performance metrics (FWHM, CNR, and error rate) across the 
three filtering  methods. The values in this table represent the 
mean ± standard deviation for the 28-mm hot sphere, which was 
selected as a representative size for comparison. Statistically sig
nificant differences were observed for FWHM and error rate be
tween pre-B and post-G (p < 0.05 and p < 0.01, respectively), while 
no significant differences were observed in CNR (n.s., Steel–Dwass 
test).

Φ17 mm

Φ22 mmΦ28 mm

Φ37 mm

Φ37 mm

)b()a(

Figure 3. SPECT transverse images of the NEMA IEC Body phantom. (a) Region of interest setting for calculating contrast to noise ratio. (b) Volume of interest setting for 
calculating contrast to noise ratio and accuracy of quantification.

mc/selcyc5.0mc/selcyc4.0mc/selcyc3.0 0.6 cycles/cm

14.4 mm 12 mm 9.6 mm 7.2 mm

Pre-reconstruction
Butterworth

8.4 mm 10.8 mm 13.2 mm15.6 mm

Post-reconstruction
Gaussian

14.4 mm 12 mm 9.6 mm 7.2 mm8.4 mm 10.8 mm 13.2 mm15.6 mm

Pre-reconstruction
Gaussian

0.35 cycles/cm 0.45 cycles/cm 0.55 cycles/cm 0.65 cycles/cm

Figure 4. SPECT transverse images of the NEMA IEC Body phantom with different filtering methods. The pre-reconstruction Butterworth method appears to have good contrast 
because it appears to have relatively low background counts compared to the other filtering methods.
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Figure 5. FWHM as a function of filter parameters in each filtering method: (a) Post-reconstruction Gaussian filtering (FWHM = 7.2–15.6 mm), (b) Pre-reconstruction Gaussian 
filtering (FWHM = 7.2–15.6 mm), and (c) Pre-reconstruction Butterworth filtering (cut-off frequency = 0.30–0.65 cycles/cm). Statistically significant differences in FWHM were 
observed between pre-B and post-G (p < 0.05). FWHM, full width at half maximum.

Table 1 
The mean value for each hot sphere and the mean and standard deviation for the background region for each filtering method: (a) post-reconstruction Gaussian filter, (b) pre- 
reconstruction Gaussian filter, and (c) pre-reconstruction Butterworth filter.

(a)

Filter parameter Sphere diameter Background

FWHM of Gaussian filter (mm) 17 mm 22 mm 28 mm 37 mm mean value SD

7.2 150.4 181.8 222.9 263.4 48.3 6.1
8.4 147.3 178.3 219.3 260.3 48.1 5.8
9.6 144.4 174.3 215.1 257.0 48.0 5.5
10.8 141.1 170.8 210.9 253.2 47.8 5.2
12.0 137.4 166.8 206.0 249.3 47.6 4.9
13.2 134.0 162.8 201.3 245.0 47.5 4.6
14.4 130.8 158.9 196.1 240.5 47.3 4.3
15.6 127.3 155.0 191.3 239.1 47.1 4.1

(b)

Filter parameter Sphere diameter Background

FWHM of Gaussian filter (mm) 17 mm 22 mm 28 mm 37 mm Mean value SD

7.2 125.3 163.2 204.3 258.6 48.2 5.7
8.4 136.4 169.8 209.8 257.5 48.4 5.2
9.6 132.0 166.0 203.6 252.9 48.4 4.4
10.8 125.2 161.6 196.0 245.4 47.8 4.0
12.0 121.3 155.8 189.4 241.1 47.8 3.7
13.2 115.2 149.3 180.4 233.7 47.9 3.3
14.4 109.6 142.5 173.8 226.5 47.8 3.0
15.6 104.7 136.2 167.5 220.1 47.9 2.7

(c)

Filter parameter Sphere diameter Background

Cut-off frequency (cycle/cm) 17 mm 22 mm 28 mm 37 mm Mean value SD

0.30 121.3 160.3 208.3 283.5 47.8 3.4
0.35 129.2 174.7 225.8 290.3 48.5 4.1
0.40 141.8 186.5 234.9 291.0 48.7 4.7
0.45 149.3 189.8 237.5 288.1 48.8 5.4
0.50 154.3 190.7 236.6 284.3 49.0 5.9
0.55 156.6 191.7 234.7 279.1 48.5 6.3
0.60 159.8 192.3 232.4 277.3 48.8 6.5
0.65 160.3 193.8 234.3 275.5 48.7 6.9
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Discussion

In this study, we evaluated the effect of smoothing filter type 
and method on image quality and quantitative accuracy for SRS 
SPECT/CT imaging. When we evaluated the spatial resolution 
based on the FWHM of the profile curve, the pre-B method had the 
lowest FWHM, which is similar to the results of a previous study 
that investigated the filter effect before and after reconstruction in 
a simulation study.16 Since the Butterworth filter performs noise 
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Figure 6. CNR as a function of filter parameters in each filtering method: (a) post-reconstruction Gaussian filter (FWHM = 7.2–15.6 mm), (b) pre-reconstruction Gaussian filter 
(FWHM = 7.2–15.6 mm), and (c) pre-reconstruction Butterworth filter (cut-off frequency = 0.30–0.65 cycles/cm). No statistically significant differences in CNR were observed 
among the filtering methods. CNR, contrast to noise ratio.
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Figure 7. Error rate between the true and measured values at each hot sphere when the filter parameters were changed: (a) post-reconstruction Gaussian filter 
(FWHM = 7.2–15.6 mm), (b) pre-reconstruction Gaussian filter (FWHM = 7.2–15.6 mm), and (c) pre-reconstruction Butterworth filter (cut-off frequency = 0.30–0.65 cycles/cm). 
Statistically significant differences were observed as follows: for the 37-mm and 28-mm spheres, p < 0.01 between post-G vs pre-B and pre-G vs pre-B; for the 22-mm sphere, 
p < 0.05 for post-G vs pre-B and p < 0.01 for pre-G vs pre-B; and for the 17-mm sphere, p < 0.05 for post-G vs pre-G and pre-G vs pre-B.

Table 2 
Summary of key performance metrics (mean ± SD) for the 28-mm sphere across 
the three filtering methods. P-values were calculated using the Steel–Dwass test for 
multiple comparisons. n.s., not significant.

Metric Post-G Pre-G Pre-B p-value

FWHM (mm) 25.5 ± 3.1 23.2 ± 2.6 20.6 ± 3.0 Post-G vs Pre-B: p < 0.05
CNR 32.1 ± 2.2 36.9 ± 5.0 35.3 ± 6.7 n.s.
Error rate (%) 37.0 ± 3.1 42.4 ± 4.4 30.3 ± 2.7 Post-G vs Pre-B: p < 0.01; 

Pre-G vs Pre-B: p < 0.01
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rejection by order and cutoff frequency, it can remove noisy high 
frequency components while preserving low frequency compo
nents.10 The Gaussian filter  performs smoothing uniformly 
regardless of the frequency band, so the low frequency compo
nent, the central component of the image, is removed more 
than necessary. These principles suggest that the FWHM was 
lower in pre-B than in pre-G and post-G. Previous studies have 
shown comparable FWHM results for pre-G and post-G16, but in 
this study, pre-G showed a slightly lower FWHM than post-G, 
which may be due to differences in the resolution recovery 
correction method in the image reconstruction method used in 
this study.26

The CNR results showed that the pre-B method showed the 
highest CNR at 0.30 cycles/cm for all sphere sizes and showed 
higher values than the pre-G and post-G methods. From these 
results, it is inferred that the pre-B method can obtain high visi
bility of spheres of varying sizes in the phantom study, suggesting 
potential applicability to the detection of neuroendocrine tumors. 
Focusing on the measurements of the region of interest, the values 
and standard deviations of the background region were higher in 
pre-B than in post-G and pre-G, but the measurements of each 
sphere were also approximately 10 % higher in post-G and pre-G, 
which likely resulted in a higher CNR (Table 1). This is thought 
to be because, as mentioned above, the Butterworth filter  only 
removes the high frequency components of the signal compo
nents, making it easier to preserve the signal values. When 
comparing pre-G and post-G, the CNR was higher in pre-G. 
Although the measured values were higher in post-G, the stan
dard deviation of the background region was lower in pre-G, 
resulting in a higher CNR in pre-G (Table 1). Wen et al.27 re
ported contrast reduction by post-filtering with a Gaussian filter 
after image reconstruction. Furthermore, this CNR result is similar 
to that of a study comparing pre-G and post-G in 123I-ioflupane 
SPECT images, demonstrating the usefulness of the pre- 
reconstruction filter.28 It is also possible that the smoothing 
before reconstruction may have resulted in a higher CNR, since 
some reports indicate that a higher count per projection in itera
tive reconstruction results in better uniformity.29 However, since 
the CNR of pre-G and pre-B varies more greatly depending on the 
filter  parameters than that of post-G, care must be taken to set 
appropriate filter parameters.

In the evaluation of quantitative accuracy, pre-B results showed 
the lowest error rate compared to post-G and pre-G. Compared in 
the 37 mm sphere, pre-B showed an error rate of 12.0 % at 0.40 
cycles/cm, while post-G showed 20.2 % at a FWHM of 7.2 mm and 
pre-G showed 22.0 % at a FWHM of 7.2 mm, pre-B had a quanti
tative accuracy approximately 10 % higher than the other methods. 
This may be because, as previously mentioned, the Butterworth 
filter  can remove high-frequency components, which are noise, 
while retaining low-frequency components, thus having less effect 
on pixel values.10 The results of using the Gaussian filter, which 
resulted in lower quantitative accuracy, were similar to many 
previous studies.14,15 In addition, even with the 37 mm sphere, 
there was a quantitative error of more than 10 % in this study. 
There are many possible factors that can cause this error, including 
partial volume effect and CCF.22,30 Previous studies have also 
shown an underestimation of more than 10 % with the 37 mm 
sphere compared to the 44 mm sphere,22 so the present results are 
considered valid. Overall, the pre-B method demonstrated the best 
performance in terms of spatial resolution, CNR, and quantitative 
accuracy. However, the Butterworth filter is not without limita
tions. A trade-off exists between spatial resolution and noise 
suppression, and careful adjustment of filter  parameters, 

especially cutoff frequency and order, is essential to balance noise 
reduction and preservation of image detail.31

We believe these findings  may improve the detectability of 
neuroendocrine tumors in 111In-pentetreotide SPECT imaging and 
contribute to more accurate dosimetry. It has been also reported 
that 111In-octreotide SPECT/CT images are useful for predicting the 
therapeutic effect of PRRT with 177Lu-DOTATATE.32 Therefore, since 
the quantitative accuracy of 111In-octreotide SPECT/CT images is as 
important as the image quality, we recommend the pre-B method.

The novelty of this study is that it used a real SPECT/CT machine 
and a torso phantom to investigate the effect of filtering methods 
before and after image reconstruction on image quality and 
quantitative accuracy. We also note that the proposed pre- 
reconstruction Butterworth filtering method could be integrated 
into automated reconstruction pipelines or clinical protocols. The 
pre-B method can be easily set up by anyone by simply performing 
Butterworth filtering on the projection data in the SIEMENS 
Healthineers image reconstruction workflow  and setting the 
Gaussian filter after image reconstruction to 0. We believe that this 
method has merit in that it can easily improve image quality and 
quantitative accuracy.

This study has three limitations. First, we did not evaluate the 
clinical data. It is extremely valuable to use clinical data to verify 
the ability of each filtering method to detect lesions, but since each 
patient's data has different statistics, we believe it is necessary to 
verify it using an appropriate method. Second, only one SPECT/CT 
device was used in our study, and SPECT images may vary 
depending on the spatial resolution correction methods and the 
implementation of the Butterworth filter in different vendor sys
tems.26 Although the proposed pre-reconstruction Butterworth 
filtering method could theoretically be adapted for other vendor 
systems, reconstruction algorithms and filter settings differ among 
manufacturers, which may affect performance. There have been 
recent reports on the use of a Butterworth filter for post- 
reconstruction processing with a General Electric SPECT/CT sys
tem.33 Therefore, further studies using a variety of commercially 
available devices are needed to evaluate the broader applicability 
of this method. Third, the phantom experiment was performed 
only once because previous studies using the same SPECT/CT 
system under standardized conditions have demonstrated high 
reproducibility.34 Moreover, creating phantoms with precisely the 
same radioactivity concentration is technically challenging and 
may introduce variability across repeated experiments. Consid
ering these factors and the relatively high cost of 111In, multiple 
acquisitions were not performed. In the future, we plan to validate 
this method using different radioactivity concentration ratios to 
further enhance its clinical applicability.

Conclusion

In 111In-pentetreotide SPECT imaging, applying a Butterworth 
filter to the projection data prior to image reconstruction demon
strated improved image quality and quantitative accuracy 
compared to conventional post-reconstruction Gaussian filtering. 
This pre-reconstruction filtering approach is practical and easy to 
implement, as it can be readily integrated into routine clinical 
image processing workflows without disrupting existing protocols.
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