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Abstract: I-123 is preferential over I-131 for diagnostic SPECT imaging after a thyroidectomy to deter-
mine the presence and size of residual thyroid tissue for radioiodine ablation. Scattering degrades the
quality of I-123 SPECT images, primarily due to the penetration of high-energy photons into the main
photopeak. The objective of this study was to quantitatively and qualitatively investigate the impact
of two widely used window-based scatter correction techniques, the dual energy window (DEW)
and triple energy window (TEW) techniques, in I-123 postsurgical SPECT/CT thyroid imaging using
an anthropomorphic phantom with small sizes of remnants and anatomically correct surrounding
structures. For this purpose, non-scatter-corrected, DEW and TEW scatter-corrected SPECT/CT
acquisitions were performed for 0.5–10 mL remnants within a phantom, with 0.5–12.6 MBq adminis-
tered activities within the remnants, and without and with background-to-remnant activity ratios of
5% and 10%. The decrease in photons, the noise and non-uniformity in the background region due to
scatter correction were measured, as well as the signal-to-noise ratio (SNR) and the contrast-to-noise
ratio (CNR) from small remnants. The images were also visually evaluated by two experienced
nuclear medicine physicians. Scatter correction decreased photons to a higher extent in larger regions
than smaller regions. Larger remnants yielded higher SNR and CNR values, particularly at lower
background activities. It was found from the quantitative analysis and the qualitative evaluation
that TEW scatter correction performed better than DEW scatter correction, particularly at higher
background activities, while no significant differences were reported at lower background activities.
Scatter correction should be applied in I-123 postsurgical SPECT/CT imaging to improve the image
contrast and detectability of small remnants within the background.

Keywords: thyroid phantom; thyroid remnants; postsurgical diagnostic thyroid imaging; nuclear
imaging

1. Introduction

In differentiated thyroid cancer, Single-Photon Emission Computed Tomography
(SPECT) imaging using I-123 after a thyroidectomy can offer valuable insights regarding
the presence and size of residual thyroid tissue or metastases. I-123 is preferential to
I-131 in SPECT diagnostic thyroid imaging due to its much shorter half-life and better
resulting image quality [1–3]. Thus, it facilitates precise restaging of the disease, enabling
the application of personalized radioiodine therapy.

When a cyclotron (energy range > 17 MeV) and a PET/CT modality are available,
postoperative thyroid imaging with I-124 PET/CT can be performed. This imaging offers a
superior image quality due to the absence of physical collimation and a shorter coincidence
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time window [4]. I-124, with a half-life of 4.2 days compared to I-123 with a half-life of
13.2 h, enables the study of more extended metabolic processes but also increases patient
radiation exposure.

Several factors affect the quality of I-123 SPECT images, such as the sensitivity and
resolution of the detectors, partial volume effects, attenuation and scattering [5–7]. The
latter is a main issue since I-123 emits photons of 159 keV (83.4%) and 529 keV (1.3%) [8].
The relatively high-energy 529 keV photons can penetrate the septa of the collimators,
backscattering into the SPECT detector and contributing to the main energy window at
159 ± 10 keV [6]. Low-energy collimators with thin septa are utilized in tumor imaging to
achieve a high resolution, high count rate and increased contrast. Thus, scatter correction
(SC) is imperative [6,9].

A number of techniques are available, and they can be employed to perform SC.
However, in clinical practice, scatter window-based techniques are preferred due to their
simplicity [10]. In the last 30 years, DEW and TEW scatter correction techniques have been
extensively applied in SPECT imaging [10–12]. A number of researchers have attempted
to assess these techniques for different radionuclides, collimators, SPECT systems and
imaging procedures [13–19].

Most research on the assessment of SC with I-123 has been conducted for cardiac
SPECT imaging. In a patient study, Fletcher et al. [20] assessed the cardiac uptake from I-123
MIBG DEW scatter-corrected SPECT images with different collimators, and they concluded
that Low-Energy High-Resolution (LEHR) collimators together with SC should be used.
In a similar study, Kobayashi et al. [21] utilized the DEW scatter correction method, and
they concluded that SC is imperative to standardize cardiac uptake in I-123 MIBG SPECT
imaging. In a cardiac phantom SPECT study, Inoue et al. [22] applied TEW SC and reported
that it increased the overall image quality. In a more recent study, Papanastasiou et al. [23]
also utilized a cardiac phantom and TEW SC. They demonstrated that SC improved the
SPECT image quality when used with LEHR collimators compared to uncorrected images.
Lagerburg et al. [9] used the NEMA (NU2-2007) phantom to compare the effectiveness
of different window-based scatter correction methods on SPECT imaging in terms of the
I-123 intensity ratios between spheres and background cavities. These ratios did not differ
significantly from the real ratios when using the LEHR collimators together with TEW or
DEW SC methods and when considering different sizes of spheres.

SPECT brain studies with I-123 also investigated the performance of SC. Hayasi et al. [24]
utilized TEW SC in a patient study, and they have shown that SC provided more accurate
cerebral blood flow measurements than no scatter correction. In a phantom study with
I-123 in brain-like cavities and in the background, Yang et al. [25] employed DEW SC and
concluded that the image contrast and visual image quality were improved compared to
non-scatter corrected images.

However, a direct comparison of DEW and TEW SC on I-123 SPECT imaging utilizing
small sizes of volumes surrounded with appropriate anatomical scattering structures has
not been performed yet. For this purpose, an anthropomorphic neck–thyroid phantom
was used, specifically designed for postsurgical thyroid SPECT imaging, which enclosed
anatomically small sizes of thyroid remnants as well as other tissue-equivalent human-
shaped structures. The impact of DEW and TEW SC on I-123 SPECT/CT thyroid images
was quantitatively and qualitatively evaluated for various administered activities, small
sizes of thyroid remnants, and background-to-remnant activity ratios.

2. Materials and Methods

I-123 SPECT/CT images from a neck–thyroid phantom with thyroid remnants were
utilized. The phantom was specifically designed for postsurgical thyroid imaging and was
developed using 3D printing and moulding techniques [26]. The phantom can accommodate
remnants of various small sizes, at clinically relevant positions, and can simulate different
background-to-remnant activity ratios. Other structures such as the trachea, oesophagus,
cervical spine and clavicle were also anatomically enclosed within the phantom. For this
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study, remnants of 0.5, 1, 1.5, 3 and 10 mL were used. Figure 1 shows a fused SPECT/CT
axial slice and a planar anterior-posterior (AP) image of the phantom where I-123 activity
was administered within the 1.5 and 3 mL remnants and the background region.
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Figure 1. (Left) Fused SPECT/CT axial slice through the centre of the 1.5 (left side of the image) and
3 mL (right side of the image) remnants. The lateral direction is defined from left to right and the
anterior-posterior (AP) direction from top to bottom. (Right) Planar AP image of the phantom with
an administered I-123 activity of 0.37 MBq/mL within the remnants and a background-to-remnant
activity ratio of 5%. The red frame shows the section with remnants [26].

All images were acquired using the dual-head GE Infinia Hawkeye 4 SPECT/4-slice-
CT hybrid scanner (GE Healthcare, Milwaukee, WI, USA) at the Bank of Cyprus Oncology
Centre following the clinical protocols. All acquisitions were performed using the LEHR
collimators in 180◦ (H mode) orientation, with 60 projections, 35 s per projection and over
180◦ of rotation, thus covering an angular range of 360◦. The matrix size was 128 × 128.
Autocontouring was enabled and the images had an isotropic pixel size of 4.42 mm. A
Butterworth filter (cutoff: 0.48, power:10) was applied to the reconstructed images. Re-
construction was performed with the GE Xeleris workstation using the ordered-subset
expectation maximization (OSEM) algorithm with 2 iterations and 10 subsets. CT images
(140 kV, 2.5 mA) with a 5 mm slice thickness and a matrix size of 512 × 512 were acquired
for attenuation correction.

Two scatter correction techniques were employed for each acquisition: the commer-
cially available, on the Xeleris workstation, DEW method [27] and the custom-made Mat-
Lab TEW algorithm, as described by Hadjiconstanti et al. [19]. The main I-123 energy
window for both the DEW and TEW techniques was defined at ±10% over the 159 keV
photopeak (143.1–174.9 keV). In addition, a scatter window was defined at 113 ± 10% keV
(101.7–124.3 keV) for the DEW technique and two scatter windows were defined at
137 ± 1.82% keV (lower energy scatter window: 134.5–139.5 keV) and 179.9 ± 1.39% keV
(upper energy scatter window: 177.4–181.4 keV) for the TEW technique [9].

Table 1 presents the volume of each remnant within the phantom, the administered
activity within the corresponding remnant and the background-to-remnant activity ratio
(Rbkg) for each performed SPECT/CT acquisition. Three different sections, with two rem-
nants in each section of specific sizes and locations, were used for these acquisitions
(Figure 1). Any section could be easily attached to the phantom to study different sizes of
remnants [26].

First, the response of the SPECT/CT modality to the administered I-123 activities
(0.5–12 MBq) was investigated for the non-scatter-corrected (NSC) and scatter-corrected
(DEW and TEW) SPECT/CT images. For this purpose, the total counts in the 1.5 and 3 mL
thyroid remnants were measured. Note that these acquisitions were performed with no
background activity. To avoid underestimating the response of the SPECT modality due to
partial volume effects [12], large elliptical ROIs were drawn in each slice with a presented
remnant using the ImageJ software package (Version 1.53) [28]. The total counts within a



Life 2024, 14, 113 4 of 13

remnant were obtained by measuring the counts in each ROI and then summing the counts
from all ROIs.

Table 1. The volume (Vi) of each remnant within the phantom, the administered activity within the
corresponding remnant (Ai) and the background-to-remnant activity ratio (Rbkg) for each acquisi-
tion (ID).

ID V1 (mL) A1 (MBq) V2 (mL) A2 (MBq) Rbkg (%)

1 1.5 0.51 3.0 0.93 0
2 1.5 0.63 3.0 1.44 0
3 1.5 2.52 3.0 2.07 0
4 1.5 6.07 3.0 6.03 0
5 1.5 12.65 3.0 12.54 0
6 10.0 3.15 0.5 2.15 0
7 10.0 3.15 1.0 2.52 0
8 1.5 0.55 3.0 1.11 5
9 1.5 0.55 3.0 1.11 10

Second, the known volumes of remnants were measured from the NSC, DEW and
TEW scatter-corrected SPECT/CT and CT images to investigate the effect of SC on these
measurements. Due to the small sizes of remnants and the limited spatial resolution of
the SPECT modality, the cross-sectional area of a remnant in each slice was measured. The
cross-sectional areas of a remnant were summed and then multiplied by the slice thickness
to obtain the volume [29]. Since the cross-sectional area in each slice had an elliptical shape,
it was calculated as Area = π α β, where α and β are the semi-major and semi-minor axes
of the eclipse, respectively. Using the ImageJ software (Version 1.53), α and β were defined
as the full width at half maximum (FWHM) of the line profiles across the lateral and AP
directions of a slice, respectively (Figure 1). The corresponding CT slices were utilized to
select the SPECT slices with remnants. Due to the high resolution of the CT modality, the
cross-sectional areas and volumes from the CT images were measured using a thresholding
technique and the Wand Tool in the ImageJ software.

Third, the effect of DEW and TEW scatter correction on the background region
(Rbkg = 5% and 10%) was investigated by drawing line profiles in the SPECT/CT slices and
measuring the average counts (Avg) and the corresponding noise or standard deviation
(SD), and by calculating the corresponding coefficient of variation (%COV) as follows [16]:

%COV =

∣∣∣∣Noise
Avg

∣∣∣∣× 100 (1)

which describes the variability or non-uniformity of the signal [30].
Next, the effect of DEW and TEW scatter correction on the image quality was inves-

tigated. For this purpose, SPECT/CT images from acquisitions with 1.5 and 3 mL were
utilized to calculate the contrast-to-noise (CNR) and the signal-to-noise (SNR) ratios. The
administered activity within the remnants was 0.37 MBq/mL and the Rbkg values were 5%
and 10%. These activities represent clinically realistic scenarios. The CNR is a measure of
remnant detectability in the presence of noise [31], and it was calculated as follows [16]:

CNR =

∣∣∣∣∣C − Cbkg

σbkg

∣∣∣∣∣ (2)

where C is the average number of counts in the remnant, Cbkg is the average number of
counts in the background region and σbkg is the corresponding standard deviation. CT
slices were used to select the SPECT slices with a remnant. ROIs were drawn around the
remnant in all selected slices. The counts in the formed volume of interest (VOI) were
measured and summed to calculate C by dividing the counts over the number of pixels
within the VOI. Cbkg and σbkg were calculated by taking the VOI in the background region.
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The ROIs for the corresponding C and Cbkg were selected from the same slices, and they
were having the same number of pixels in each slice. The SNR for each remnant, which
compares the signal of the remnant to the background signal, was calculated as follows [32]:

SNR =

∣∣∣∣∣ C
σbkg

∣∣∣∣∣ (3)

Lastly, the non-scatter- and scatter-corrected SPECT/CT images with different
background-to-remnant activity ratios were visually evaluated by two experienced nuclear
medicine physicians.

3. Results

Figure 2 presents the total counts measured in each of the 1.5 and 3 mL remnants from
NSC, DEW and TEW scatter-corrected SPECT/CT images with respect to the administered
activity. A linear fit was applied to each dataset, demonstrating a linear relationship
between counts and the range of administered activity for both remnant sizes, with and
without scatter correction. Activities higher than 12.5 MBq were not investigated since the
high count rate of I-123 did not allow a correct representation of counts within pixels. It
can be observed that both scatter correction techniques reduced the number of detected
photons compared to NSC images in these small remnants. On average, for the examined
activities and when no background was presented, the DEW SC technique decreased the
detected photons by 11.5% while the TEW one decreased them by 9.5%. More specifically,
at low activities (<2.5 MBq), both SC techniques reduced the photons to a similar extent,
while at higher activities (2.5–12.5 MBq), the DEW SC technique reduced photons to a
higher extent.
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Figure 2. Counts with respect to administered activity within the 1.5 and 3 mL remnants from NSC,
DEW and TEW scatter-corrected SPECT/CT images. A linear fit was applied to each dataset.

Figure 3 presents the measured volumes with respect to the administered activities
from the NSC, DEW and TEW scatter-corrected SPECT/CT images as well as from the
CT images. The actual volumes of remnants in the phantom were 1.5 and 3 mL. The
measured volumes with and without scatter correction were overestimated due to the
limited resolution of SPECT and due to partial volume effects (PVEs). The SPECT resolution
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with LEHR collimators is 7.4 mm at a distance of 10 cm between the collimator and source,
and 11 mm at a distance of 20 cm [33]. On average, from all images, the measured volumes
were 2.9 and 1.8 times higher than the known 1.5 and 3 mL remnants, respectively. The
volume overestimation appeared to be slightly worsened as the administered activity was
increased. Both DEW and TEW SC techniques seemed to reduce the volume overestimation
to a small extent. In contrast, the measured volumes from the CT images were found to be
similar to the actual ones (<1%) due to the high resolution of the CT images (1 mm). No
significant differences were observed in the measured volumes from the CT images for
different administered activities with and without SC.
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Figure 3. Measured volumes with respect to administered activities for the 1.5 and 3 mL remnants
from the NSC, DEW and TEW scatter-corrected SPECT/CT images as well as from the CT images.

Table 2 presents the actual volume of remnants (0.5–10 mL) and the ratio of measured
over actual volume (R) from the NSC, DEW and TEW scatter-corrected SPECT/CT ac-
quisitions of similar administered activities (2.15–3.15 MBq). The corresponding ratios
from the CT images are also shown. In all images, the volume of the 10 mL remnant was
accurately measured. DEW and TEW SC techniques slightly reduced the ratios. For the
0.5–1.5 mL remnants, the measured lateral and AP FWHMs in the SPECT/CT slices were
3–5 pixels, with a pixel size of 4.42 mm. Thus, these volumes could not accurately be
measured. However, they could accurately be measured from the CT images since the
corresponding pixel size was 1 mm.

Table 2. The actual volume (V) of remnants and the ratio of measured over actual volume (R) from the
NSC, DEW and TEW scatter-corrected SPECT/CT images and CT images with similar administered
activities (A in MBq) shown in Table 1.

V (mL) RNSC RDEW RTEW RCT

0.5 5.8 5.5 5.6 1.1
1.0 2.9 2.7 2.6 1.1

1.5 * 2.8 2.6 2.5 1.0
3.0 * 1.8 1.6 1.6 1.0
10.0 1.1 1.1 1.1 1.0

* ID = 3 from Table 1.
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Figure 4 shows the measured counts by drawing line profiles in the lateral direction
of slices with a uniform background (Rbkg of 5% and 10%) from the NSC, DEW and TEW
scatter-corrected SPECT/CT images. The selected slices were located between the trachea
and the remnants of the phantom [26]. The average background counts, the standard
deviation (noise) and the %COV from these slices are shown in Table 3. Both scatter
correction techniques significantly reduced the average background counts. Particularly,
at an Rbkg of 5%, the DEW and TEW SC techniques decreased the average background
counts by 41% and 35%, respectively, while at an Rbkg of 10%, DEW and TEW decreased
the corresponding counts by 39% and 37%, respectively, However, DEW and TEW SC
decreased the noise (SD) to a smaller extent, by about 11% at an Rbkg of 5% and 4.5% at
an Rbkg of 10%. Therefore, scatter correction increased the %COV. The highest increase in
%COV was observed when DEW SC was applied at an Rbkg of 5%.
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Figure 4. Counts from the line profiles in the lateral direction of slices with a uniform background
Rbkg of (left) 5% and (right) 10%, located between the trachea and the remnants of the phantom, from
NSC, DEW and TEW scatter-corrected SPECT/CT images.

Table 3. The average background counts (Avg), the standard deviation or noise (SD) and the %COV
from the line profiles in Figure 4.

Rbkg = 5% Rbkg = 10%

Avg SD %COV Avg SD %COV

NSC 441.2 27.6 6.2 895.3 31.4 3.5
DEW 262.2 25.2 9.6 544.6 30.2 5.5
TEW 288.7 24.0 8.3 566.3 29.8 5.3

Figure 5 shows the measured counts by drawing line profiles in the lateral direction
through the central slice of the 1.5 and 3 mL remnants at Rbkg values of 5% and 10% from
the NSC, DEW and TEW scatter-corrected SPECT/CT images. The administered activity
within the remnants was 0.37 MBq/mL. The % decrease in counts when applying each of
the two SC techniques, compared to the non-scatter-corrected counts, is also shown in the
figure. Both SC techniques decreased the counts in the background region, on average by
about 35%. The corresponding decrease within the 1.5 and 3 mL remnants was, on average,
15% and 11%, respectively.
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Figure 5. Counts from the line profiles in the lateral direction through the central slice of the 1.5 and
3 mL remnants with Rbkg of (left) 5% and (right) 10% from the NSC, DEW and TEW scatter-corrected
SPECT/CT images. The administered activity within the remnants was 0.37 Bq/mL. The solid lines
represent the counts from the line profile while the dashed lines represent the % decrease in counts
when applying DEW and TEW SC compared to NSC images.

Figure 6 presents the SNR and CNR values for the 1.5 and 3 mL remnants at an
Rbkg of 5% and 10% from NSC, DEW and TEW scatter-corrected SPECT/CT images. The
administered activity within the remnants was 0.37 Bq/mL. It can be observed that all SNR
and CNR values are lower for the smaller-sized remnant. In addition, all SNR and CNR
values are lower at Rbkg = 10%. Moreover, SNR values are higher for non-scattered images
than the scattered-corrected images. This is because SC decreases photons and noise to
almost a similar extent (Equation (3)). In all cases, the SNR and CNR values were higher
when applying TEW SC compared to the DEW SC technique. Statistical errors for the SNR
and CNR values were calculated using propagation of error in Equations (2) and (3). Taking
into account these errors, significant differences in the SNR and the CNR between TEW
and DEW SC were found for both remnants only at an Rbkg of 10%.
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Figure 6. (Left) SNR and (right) CNR values for the 1.5 and 3 mL remnants measured from the NSC,
DEW and TEW scatter-corrected SPECT/CT images. The administered activity within the remnants
was 0.37 Bq/mL and the Rbkg was 5% and 10%.



Life 2024, 14, 113 9 of 13

Figure 7 shows the NSC, DEW and TEW scatter-corrected SPECT/CT images without
and with an Rbkg of 5% and 10%. Very similar activities per mL were administered within
the 1.5 and 3 mL remnants. The physicians reported that they could not distinguish
significant differences among the images without background activity. However, they
reported that the image contrast for both remnants was improved at an Rbkg of 10%
compared to an Rbkg of 5% when applying the TEW SC technique, and thus, they were
more confident in assessing the volume difference between the two remnants.
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Table 1 (acquisitions 1, 8, 9) presents the administered activities within the 1.5 (left side of each slice)
and 3 mL (right side of each slice) remnants.

4. Discussion

The present study investigated the impact of two scatter correction techniques (TEW
and DEW SC) on I-123 SPECT/CT postsurgical thyroid imaging by using an anthropo-
morphic neck–thyroid phantom with small sizes of remnants surrounded by anatomically
correct scattering structures. SC should be applied in this imaging since the high-energy
photons emitted from I-123 penetrate the septa of the LEHR collimators and they are
detected in the main I-123 photopeak window, degrading the image quality [6,9].

Window-based SC techniques are the most widely used [10–12]. The DEW SC tech-
nique is commercially available in most of the SPECT modalities, while TEW SC algorithms
are easily accessible [19].

The response of the SPECT modality to I-123-administered activities within small sizes
of remnants and with no background activity was firstly investigated. A linear relationship
was exhibited for the NSC, DEW and TEW scatter-corrected SPECT/CT data between
remnant uptake (counts) and administered activities from 0.5 to 12.5 MBq. In the higher
range of these activities, DEW SC reduced the photons slightly more than the TEW SC
technique. This could be due to the broader energy width of the scatter window used in
the DEW SC technique. The chosen energy widths and centroids of the scatter windows in
both SC techniques were similar to those found by Lagerburg et al. [9], where the optimal
scatter windows were decided after a systematic study.

The effects of SC on volume calculation were investigated by calculating the volumes
of remnants from NSC and scatter-corrected SPECT/CT images. The measured volumes of
small remnants (0.5–3 mL) were overestimated. The degree of overestimation was higher
for smaller remnants. This was due to the limited SPECT resolution and the PVE, as
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explained in the previous section. Both SC techniques slightly improved the value of the
measured volume since the measured FWHMs of the line profiles were slightly decreased
when applying SC. This was also reported in another study [34].

The noise and non-uniformity in background regions (Rbkg = 5% and 10% of
0.37 MBq/mL) were also investigated for NSC and scatter-corrected SPECT/CT images.
SC significantly reduced photons. DEW SC decreased photons more than the TEW SC
technique due to the broader energy width of its scatter window, and in particular, to
a higher extent at an Rbkg of 10%. This scatter compensation with the increase in the
background activity was also reported in an I-131 study [35].

The effect of SC depends on several factors such as the background activity, the object’s
size and shape, and the scattering medium or surrounding structures [35]. In this study, the
degree of photon decrease was also higher in larger regions (background) than in smaller
regions (remnants).

The extent that SC decreased the counts within the remnants as well as the standard
deviation of the background counts did not increase the SNR values when applying SC
compared to the corresponding NSC ones. This was also found in another Tc-99m phantom
study with different sizes of lesions [36]. As expected, the SNR and CNR values were
higher for the larger remnant and for the smaller Rbkg. Moreover, TEW SC, compared to the
DEW SC technique, resulted in higher SNR and CNR values. However, these differences
were significant only for the higher Rbkg. In addition, improved image contrasts were
reported by the physicians for the 1.5 and 3 mL remnants when TEW SC was applied at an
Rbkg of 10% compared to DEW SC.

Different energy widths and centroids for the scatter windows of these SC techniques
may slightly change the photon decrease. However, the subject of this study was to
investigate the impact of DEW and TEW SC on I-123 SPECT/CT images in relation to the
measured FWHMs and volumes, and the photon decreases in the background and remnant
regions for different administered activities. It is important to study this effect using
clinically realistic activities and anthropomorphic phantoms with tissue-equivalent, human-
shaped and anatomically correct surrounding structures. Specifically, for postsurgical
thyroid imaging scenarios, the examined remnants should be in clinically relevant positions
within proper anthropomorphic phantoms. Thus, the effect of scattering on the smallest
detectable remnants can be studied.

A combined approach of ultrasound (US) and SPECT imaging can offer an early and
comprehensive assessment of the risk of persistent or recurrent disease according to the
European Thyroid Association [37]. US is a non-irradiating imaging technique that can
detect structural abnormalities, whereas SPECT is more sensitive in detecting small or
functional changes (e.g., small amounts of residual thyroid tissue or cancer cells). In simple
cases, US can prevent the use of other types of imaging, and in complex cases, it can enable
fast consideration of other types of imaging [38]. The timing and frequency for performing
each type of imaging are typically determined on a case-by-case basis by the involved
healthcare professionals following the guidelines.

The application of 3D printing technology for individualized applicators and the sub-
stantial impact of image-guided adaptive external beam radiotherapy and brachytherapy
on personalized medicine were emphasized in a review study [39]. SPECT/CT imaging,
as well as dedicated or individualized phantoms, can also be utilized for these radiologi-
cal procedures.

In the future, other SC techniques will be investigated using the same phantom,
and they will be quantitatively and qualitatively compared with the DEW and TEW
SC techniques.

5. Conclusions

The impact of DEW and TEW scatter correction on I-123 SPECT/CT imaging was
quantitatively and qualitatively investigated using an anthropomorphic phantom with
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small sizes of remnants in clinically relevant positions and surrounded by tissue-equivalent
and anatomically correct scattering structures.

Scatter correction slightly improves the volume calculation from SPECT/CT images.
Volumes of small remnants should be measured from CT images due to PVEs and the
limited SPECT resolution. Scatter correction decreases photons to a higher extent in larger
regions than smaller regions. Larger sizes of remnants present higher SNR and CNR
values, particularly at lower background activities. From the quantitative analysis and the
qualitative evaluation, TEW scatter correction is preferable over DEW scatter correction,
particularly at higher background activities, while no significant differences can be observed
between them at lower background activities.

Scatter correction should be applied in I-123 postsurgical SPECT/CT imaging to
improve the image contrast and detectability of small volumes.
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3D Three-dimensional
A Activity
AP Anterior-Posterior
Avg Average
Bgk Background
CNR Contrast-to-Noise Ratio
COV Coefficient of Variation
CT Computed Tomography
DEW Dual Energy Window
FWHM Full Width at Half Maximum
LEHR Low-Energy High-Resolution
MIBG Meta-Iodo-Benzyl-Guanidine
NSC Non-Scatter Corrected
PVE Partial Volume Effect
Rbkg Background-to-Remnant Activity Ratio
ROI Region of Interest
SC Scatter Correction
SD Standard Deviation
SNR Signal-to-Noise Ratio
SPECT Single-Photon Emission Computed Tomography
TEW Triple Energy Window
US Ultrasound
V Volume
VOI Volume of Interest
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