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Abstract: Post-surgical I-123 and I-131 SPECT/CT imaging can provide information on the presence
and sizes of thyroid remnants and/or metastasis for an accurate re-staging of disease to apply
an individualized radioiodine therapy. The purpose of this study was to develop and validate a
neck–thyroid phantom with small sizes of thyroid remnants to be utilized for the optimization of
post-surgical SPECT/CT imaging. 3D printing and molding techniques were used to develop the
hollow human-shaped and -sized phantom which enclosed the trachea, esophagus, cervical spine,
clavicle, and multiple detachable sections with different sizes of thyroid remnant in clinically relevant
positions. CT images were acquired to evaluate the morphology of the phantom and the sizes of
remnants. Triple-energy window scattered and attenuation corrected SPECT images were acquired
for this phantom and for a modified RS-542 commercial solid neck–thyroid phantom. The response
and sensitivity of the SPECT modality for different administered I-123 and I-131 activities within the
equal-size remnants of both phantoms were calculated. When we compared the phantoms, using
the same radiopharmaceutical and similar activities, we found that the measured sensitivities were
comparable. In all cases, the I-123 counting rate was higher than the I-131 one. This phantom with
capabilities to insert different small sizes of remnants and simulate different background-to-remnants
activity ratios can be utilized to evaluate postsurgical thyroid SPECT/CT imaging procedures.

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

1. Introduction

Differentiated thyroid cancer (DTC) treatment typically involves surgical removal of
the whole or the largest part of the thyroid gland and a subsequent radioiodine therapy
(RAIT). RAIT involves the administration of iodide (I-131) for selective irradiation of
thyroid remnants, microscopic DTC or non-resectable or incompletely resectable DTC [1].

Activities administered as part of RAIT are generally empirically determined and
fixed by a given institution based on disease characteristics and patient age. The adminis-
tration of fixed therapeutic doses implies that these procedures do not apply personalized
medicine, which means that some patients may inevitably be administered larger or even
lower doses than the dose that would most likely result in the greatest benefit. Moreover,
recent DTC management guidelines [2] propose “selective” use of radioiodine ablation for
patients considered as being at “low-risk” or even “intermediate risk” of DTC recurrence
or mortality. In a previous retrospective study [3], it was observed that patients with
putatively “low-intermediate risk” DTC frequently had disease characteristics denoting

Life 2023, 13, 961. https://doi.org/10.3390/life13040961 https://www.mdpi.com/journal/life

https://doi.org/10.3390/life13040961
https://doi.org/10.3390/life13040961
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/life
https://www.mdpi.com
https://orcid.org/0000-0002-0954-3293
https://orcid.org/0000-0002-1512-7480
https://doi.org/10.3390/life13040961
https://www.mdpi.com/journal/life
https://www.mdpi.com/article/10.3390/life13040961?type=check_update&version=2


Life 2023, 13, 961 2 of 15

high or uncertain risk, suggesting that “selective” radioiodine ablation in such patients
may not be applicable.

Post-surgical nuclear medicine imaging can provide further information on the pres-
ence of thyroid remnants and/or metastasis for an accurate (re-)staging of each patient’s
disease following surgery, thus ensuring a more informative decision for radioiodine abla-
tion. This imaging can be performed with simple pinhole scintigraphy, planar scintigraphy
or single photon emission tomography (SPECT). For SPECT imaging, Tc-99m, I-131 or I-123
labelled radiopharmaceuticals can be employed, with I-123 being favorable because, unlike
Tc-99m, it has the same physical characteristics as I-131, which is used for ablation, while
avoiding the “stunning” effect [4] and lower image quality, which is observed when the
latter is used [5–7]. These scans may be utilized for visual evaluation by physicians, esti-
mation of remnant volume [8–10] and pre-ablation dosimetry [11] to further aid treatment
decisions.

An anthropomorphic neck–thyroid phantom with different small sizes of thyroid rem-
nants in clinically relevant positions is important for optimizing the postsurgical thyroid-
remnant SPECT/CT imaging procedures such as protocols, radiopharmaceuticals and
activities, scatter correction algorithms, as well as volume and dose calculation algorithms.

Previous studies [8–10] developed simple water containers with hollow cylindrical or
spherical inserts down to 5 mL to simulate thyroid remnants. They utilized these phantoms
to validate algorithms using Tc-99m SPECT images. Mortelmans et al. [8] also used different
background-to-remnant activity ratios.

Physical phantoms with thyroid glands have been developed and evaluated in pre-
vious studies [12–15]. In particular, solid cylindrical phantoms, with and without other
structures such as the trachea, esophagus and cylindrical cervical spine, and a detachable
section of the thyroid gland have been developed and evaluated using Tc-99m or I-131
SPECT images [14,15]. Alqahtani et al. [15] developed a hollow head–neck phantom which
includes the trachea, cylindrical cervical spine, a non-detachable thyroid gland and different
sizes of sentinel lymph nodes. This was evaluated using Tc-99m SPECT-CT.

The purpose of this paper is, firstly, to present the development of a dedicated phantom
for postsurgical thyroid-remnant SPECT/CT imaging, secondly, to validate its anatomy
using CT images, and, finally, to evaluate its performance in I-131 and I-123 SPECT/CT
imaging.

2. Materials and Methods
2.1. Designs

The human-sized and -shaped neck–thyroid phantom is separated in three main
parts: the hollow sealed cavity of the neck phantom, the detachable sections with thyroid
remnants, and the structures within the hollow cavity of the neck phantom including the
cervical spine, the clavicle, the trachea, and esophagus.

A SolidWorks software package (Version 28) [16] was utilized for the designs. For
the size of the neck phantom, publicly available DICOM images [17] were utilized, and
then modified according to the shape of the commercial RS-542 solid–neck phantom [18].
Figure 1 shows the design of the neck phantom. The wall thickness was 2 mm. Two
openings of 20- and 3 mm in diameter were drawn at the top part of the neck for filling
the phantom with water and injecting the diluted radiopharmaceutical, respectively. The
corresponding caps and threads were also designed for these openings.

A 10 mm-thick base was designed to cover the bottom part of the phantom. Eighteen
small openings were drawn around the periphery of the base to be tightened to the neck
phantom with screws. They were centered at 11 mm from the outer periphery of the base.
A groove was also drawn around the periphery of the base to place a 5 mm-in-diameter
O-ring and optimize the seal between the base and the neck phantom. It was centered at
17 mm from the outer periphery of the base. In addition, two 10-mm-thick rings of the
same size and shape as the bottom flat part of the phantom were also designed. Eighteen
small openings were drawn on the rings to match the corresponding openings on the base.
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The rings are positioned above and below the bottom flat part of the phantom, together
with the base and the O-ring, to provide the optimal seal. Figure 2 shows the designs of the
base and the ring.
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Figure 1. (Left) Front and (right) bottom views of the design for the neck phantom. The front view
also shows the outer hollow cavity which is filled with the detachable thyroid-remnants section.
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Figure 2. The designs of (left) the base of the phantom and (right) the ring. The peripheral openings
for the screws and the peripheral groove (yellow) of the O-ring are also shown.

Six sections (7 × 5 × 1.5 cm3) with two or three hollow cavities (thyroid remnants)
of different sizes (0.5–10 mL), at clinically relevant positions after thyroidectomy, were
designed as shown in Figures 3 and 4. Each section can be easily added and removed
from the front outer hollow cavity of the phantom, as shown in Figure 1. The section
width was separated into three equal-sized areas as shown in Figure 3a. A remnant was
horizontally and vertically centered in an area. The left and right remnants were rotated by
30◦ to fit into a section. Tiny openings were drawn at the top of a section to inject diluted
radiopharmaceuticals into the hollow cavities of the remnants.
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Figure 3. Designs of sections with (a) three thyroid remnants of equal size (1.5 mL) where their
geometrical position within the section is presented, and (b) two thyroid remnants of 1.5 and 3 mL
centered in areas X1 and X3, respectively; (c) side view of a section showing the clip that is used to
attach the section to the phantom; (d) top view of a section showing the two openings that are used
to inject a radiopharmaceutical within the corresponding two remnants.
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1 
 

 
Figure 4. The designed sections with thyroid remnants of: (top-left and top-middle) 3 and 1.5 mL
at different positions, (top-right) 3 and 0.5 mL, (bottom-left) 0.5 and 10 mL, (bottom-middle) 1 and
10 mL, and (bottom-right) 1.5 mL each.

In addition, the thyroid gland of the RS-542 phantom was (re-)designed to include
the hollow cavities of the remnants as shown in Figure 5b. In total, six thyroid glands
were designed, including remnants of the same size and in the same positions as those of
the custom-made phantom, shown in Figure 4. In this case, the width of the gland was
separated into three areas as denoted by different colors in Figure 5c. These modifications
were performed in order to compare the counting rate from the commercial RS-542 phantom
and the custom-made phantom in postsurgical thyroid SPECT/CT imaging, when activity
was administered only within the remnants.
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Figure 5. (a) Back view of the thyroid gland of the RS-542 neck–thyroid phantom; (b) back view of
the design of the modified RS-542 thyroid gland with 3- and 1.5-mL remnants (blue); (c) front view
of the RS542 neck–thyroid phantom where the three most common clinically relevant areas with
remnants after thyroidectomy are presented with different colors.

The trachea, esophagus, cervical spine, and clavicle were designed to be anatomically
positioned, and glued, on the base of the phantom. Both the trachea and the esophagus
were designed as 2-mm-thick hollow and air-filled elliptical cylinders with closed ends.
They were also connected at both ends to ensure stability, as shown in Figure 6. The lateral
and anterior-posterior axes of trachea [19] were equal to 1.3 cm and 1 cm, respectively,
while the corresponding ones for the esophagus [20] were 1 cm and 0.3 cm, respectively.



Life 2023, 13, 961 5 of 15Life 2023, 13, x FOR PEER REVIEW  5  of  15 
 

 

     
(a)  (b)  (c) 

Figure 6. Designs of the hollow cavities of (a) esophagus (left part) and trachea (right part) structure; 

(b) cervical spine; and (c) clavicle. The dimensions are listed in the second table. 

For the design of the cervical spine and clavicle, volumetric data from CT images of 

the Cancer Genome Atlas Thyroid Cancer Collection [17,21] were converted to 3D-printed 

models (STL format), as described by Bücking et al. [22] using a 3D Slicer software pack-

age (Version 4.8.1)    [23]. Next, the 3D models were modified according to the size of the 

neck phantom, and according  to  the corresponding cervical and clavicle of  the RS-542 

phantom, using the SolidWorks software [16]. The designs of the spine and clavicle are 

shown in Figure 6. 

2.2. Developments 

The neck phantom was developed utilizing 3D-printing (Form 2, FormLabs [24]) and 

molding techniques. The design was printed using a transparent resin (Clear Resin V4) 

with a density of 1.09 g/cm3. Seven separate pieces were printed because of the limited 

volume of the 3D-printer and then glued together to form the neck phantom, as shown in 

Figure 7. Two 3D-printed phantoms were used to construct a mold assembly, and hence 

to be able to develop the neck phantom in one piece within a short time period. Thus, the 

time-consuming printing procedure, as well as possible leaks of water and radiopharma-

ceuticals from the glued joints, can be avoided.   

   

Figure 7. (Left) Front and (right) back views of the phantom design, separated into seven pieces for 

3D-printing. 

The mold assembly consists of two fiberglass and two silicone pieces. Figure 8 shows 

the consecutive pieces in order as placed on top of the other to form the mold. When all 

pieces of the mold are tightened together with screws, a 2-mm-thick cavity is formed be-
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Figure 6. Designs of the hollow cavities of (a) esophagus (left part) and trachea (right part) structure;
(b) cervical spine; and (c) clavicle. The dimensions are listed in the second table.

For the design of the cervical spine and clavicle, volumetric data from CT images of
the Cancer Genome Atlas Thyroid Cancer Collection [17,21] were converted to 3D-printed
models (STL format), as described by Bücking et al. [22] using a 3D Slicer software package
(Version 4.8.1) [23]. Next, the 3D models were modified according to the size of the neck
phantom, and according to the corresponding cervical and clavicle of the RS-542 phantom,
using the SolidWorks software [16]. The designs of the spine and clavicle are shown
in Figure 6.

2.2. Developments

The neck phantom was developed utilizing 3D-printing (Form 2, FormLabs [24]) and
molding techniques. The design was printed using a transparent resin (Clear Resin V4)
with a density of 1.09 g/cm3. Seven separate pieces were printed because of the limited
volume of the 3D-printer and then glued together to form the neck phantom, as shown in
Figure 7. Two 3D-printed phantoms were used to construct a mold assembly, and hence to
be able to develop the neck phantom in one piece within a short time period. Thus, the time-
consuming printing procedure, as well as possible leaks of water and radiopharmaceuticals
from the glued joints, can be avoided.
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Figure 7. (Left) Front and (right) back views of the phantom design, separated into seven pieces for
3D-printing.

The mold assembly consists of two fiberglass and two silicone pieces. Figure 8 shows
the consecutive pieces in order as placed on top of the other to form the mold. When
all pieces of the mold are tightened together with screws, a 2-mm-thick cavity is formed
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between the two silicone (second and third) pieces to pour within a liquid resin [25] and
produce the neck phantom. The resin density was close to 1 g/cm3 to simulate human
tissue. The resin could be dried within a short time. The above-mentioned materials were
chosen because the loose silicone pieces could be easily disassembled from the produced
neck phantom and because the hard plexiglass (first and fourth) pieces provided a stable
shape for the mold.
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Figure 8. (Left column) Top and (right column) front views of the four successive pieces of the mold
assembly: each piece is placed within each other, where the top piece is shown in the first row and the
bottom piece in the fourth row. The pieces are made of fiberglass (first and fourth rows) and silicone
(second and third rows). (Last row) The assembled and tightened phantom assembly.

To manufacture the fiberglass pieces, firstly, all areas of the 3D-printed phantoms were
perfectly sanded before applying a mold-release wax. Next, fiberglass plies were laid on
the inner and outer areas of the 3D-printed phantom, and brushed with laminating resin,
to form the first and fourth pieces of the mold. Multiple layers of fiberglass plies and
laminating resin were used to produce the fiberglass pieces.

In order to manufacture the second and third pieces (silicone) of the mold, liquid
silicone was poured within two structures which were placed as follows: (a) the first piece
(fiberglass) on top of the outer part of the 3D-printed phantom to form the second piece,
and (b) the inner part of the 3D-printed phantom on top of the fourth piece (fiberglass)
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to form the third piece. During the molding procedure, multiple 5-mm-thick wooden
spacers were temporarily placed between the corresponding two structures—at the bottom
periphery of the structures—to form a specific thickness for the silicone pieces.

Figure 9 shows the neck phantom produced using the above mold assembly. A drill
was used for the two openings at the top part of the neck phantom. The corresponding
threads and gaps for these openings were manufactured using solid water material. The
threads were glued to the specific openings as shown in Figure 9.
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Figure 9. (Top-row) Different views of the phantom base on which the trachea, esophagus, cervical
spine, clavicle, and O-ring are attached, and (bottom-row) different views of the phantom together
with top caps made of solid water material. (Bottom-right) The sealed, and tightened with screws,
neck–thyroid phantom with a detachable section of 1.5- and 3-mL thyroid remnants; the vertical
thickness of the base is denoted with a green color and the corresponding thicknesses of the two rings
are denoted with a blue color.

A laser cutting-engraver machine and plexiglass material were utilized to form the
base of the phantom according to the design. Eighteen openings for the screws and the
groove for the O-ring around the periphery of the base, as well as the two rings, were also
manufactured using the same machine. Different views of the base as well as the sealed
neck phantom with the rings and the base are shown in Figure 9.

The sections with thyroid remnants for the custom-made neck–thyroid phantom and
the thyroid glands with thyroid remnants for the RS-542 neck–thyroid phantom were
3D-printed as one piece. In Figure 9, a section with thyroid remnants of 1.5 and 3 mL is
attached to the neck phantom. The diluted radiopharmaceutical could be injected via a tiny
opening at the top of the hollow cavity of a remnant, as shown in Figure 3, and it could be
sealed using a hot glue gun.

The hollow cavities of the trachea, esophagus, cervical spine, and clavicle were also
3D-printed. Tiny openings were added at various peripheral points of the cervical spine
and the clavicle designs so as to be able to inject uniformly within the 3D-printed models
the resin material [26] of 1.74 g/cm3 in density.
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2.3. CT and SPECT/CT Acquisitions

A Siemens Somatom Sensation Open CT scanner (Siemens Healthcare, Erlangen,
Germany) of the Bank of Cyprus Oncology Center was utilized to characterize the neck–
thyroid phantom with thyroid remnants. High-resolution CT images were acquired at
120 kV and 200 mAs, with a slice thickness of 0.6 mm, and reconstructed using multiplanar
reformation (MPR). These images were used to evaluate the anatomy and calculate the
volume of the various cavities within the phantom. The volume of remnants was calculated
by measuring the cross-sectional area of each axial slice using ImageJ image analysis
software (Version 1.53) [27], and then by adding them, as described by Brenner et al. [28].
The calculated volume cavities using CT images were compared with the corresponding
volumes from the 3D designs.

The dual-head GE Infinia Hawkeye 4 SPECT/4-slice-CT hybrid scanner (GE Health-
care, Milwaukee, WI, USA) of the Bank of Cyprus Oncology Center was utilized to acquire
images and evaluate the performance of the postsurgical thyroid SPECT imaging procedure
using the developed phantom with diluted I-131 and I-123. First, the uniformity of the up-
take in the remnants of the custom-made phantom was investigated by studying the count
profile and the full width at half maximum (FWHM) when administering I-131 or I-123 in
the remnants. Second, the response (R = counts/activity) and sensitivity (S = R/time) of the
SPECT/CT modality to the 1.5- and 3-mL remnants of the custom-made and commercial
phantoms were calculated and compared when administering I-131 or I-123.

All acquisitions were performed following the clinical protocols. For I-131, two high
energy general purpose (HEGP) collimators in 180◦ (H mode) orientation were used.
SPECT data were acquired in 60 projections, 35 s per projection, over 180◦ of rotation
thus covering an angular range of 360◦, using a matrix size of 128 × 128. The data were
reconstructed using the ordered-subset expectation-maximization (OSEM) algorithm with
two iterations and ten subsets. A Butterworth filter (cut-off: 0.48, power: 10) was applied
on the reconstructed images. SPECT data were scattered corrected using the Triple-Energy
Window (TEW) method, as described by Hadjiconstanti et al. [29]. For this purpose, three
energy windows were set during the I-131 acquisitions: (a) a ±10% main window around
the 364 keV photopeak of I-131 (327.6–400.4 keV), (b) a 306.9 keV ± 0.81% left sub-window
(304.4–309.4 keV), and (c) a 421.1 keV ± 0.59% right sub-window (418.6–423.6 keV). CT
images with 5 mm-slice thickness were acquired using a matrix size of 512 × 512, and were
used for attenuation correction.

I-123 acquisitions were performed using two low energy high resolution (LEHR)
collimators. For the TEW scatter correction, the following energy windows were set: (a) a
±10% energy window centered over the 159 keV photopeak of I-123 (143.1–174.9 keV), (b)
a 130 keV ± 1.95% left sub-window (127.5–132.5 keV), and (c) a 179.9 keV ± 1.55% right
sub-window (177.5–182.5 keV). The rest of the acquisitions and reconstruction parameters
were similar to the corresponding I-131 acquisitions.

3. Results

Figure 10 shows an axial CT slice through the center of the 1.5- and 3-mL thyroid
remnants, a sagittal CT slice through the center of the spine, a coronal slice through the
center of the phantom (between the esophagus and cervical spine) and an axial CT slice
through the bottom part of the phantom showing a top view of the clavicle. It should be
noted that the hollow cavities of the neck phantom and the remnants were filled with water.
It can be observed that the structures within the phantom were anatomically positioned
according to a sectional anatomy atlas [30], and their densities were uniform. In addition,
the X-ray contrast between the various structures was satisfactory according to the sectional
anatomy atlas [30] for distinguishing the structures. Only minor streaking artifacts can be
observed close to the bones.
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Figure 10. (a) Axial CT slice through the center of the 1.5- and 3-mL thyroid remnants; (b) sagittal CT
slice through the center of the spine; (c) coronal slice through the center of the phantom (between
esophagus and cervical spine); and (d) axial CT slice through the bottom part of the phantom showing
a top view of the clavicle. The phantom was filled with water.

In Table 1, the remnant volumes, as defined by the SolidWorks [16], were com-
pared with the corresponding measured volumes by using CT images and the ImageJ
software [27]. Multiple sections with thyroid remnants of different sizes were imaged, their
volumes were measured, and the average measured volumes were reported. The average
% error between the defined and measured volumes of remnants was 1.5%, indicating that
the volume of a specific remnant can be accurately calculated from CT images. This is
important in postsurgical thyroid SPECT/CT imaging because accurate volume calculation
can lead to an accurate calculation of the ablative dose for a remnant.

Table 1. The defined remnant volume from the SolidWorks software and the corresponding average
measured volume of remnants from a number of sections, using CT images and the ImageJ software,
as well as the % error between the defined and measured volume.

Remnant Volume
(mL) No. of Sections Measured Volume

(mL) Error (%)

0.5 3 0.49 ± 0.02 2.0
1.0 3 1.02 ± 0.03 2.0
1.5 5 1.51 ± 0.02 0.6
3.0 5 3.03 ± 0.04 1.0

10.0 3 10.17 ± 0.14 1.7
Avg: 1.5

Similarly, Table 2 presents the defined dimensions for the other structures of the
phantom and the corresponding measured dimensions, as described above. The average
% error between the defined and measured dimensions was 2.8%, indicating that the
human-sized dimensions of the structures can be easily identified from CT images.
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Table 2. The defined dimensions from the SolidWorks software and the measured dimensions using
CT slices and the ImageJ software for the various structures of the phantom, as well as the % error
between the defined and measured dimensions.

Structure Dimension Defined (mm) Measured (mm) Error (%)

Trachea Lateral axis 13.0 13.6 4.6
Anterior-Posterior axis 10.0 10.5 5.0

Superior-Inferior 140.0 142.4 1.7
Esophagus Lateral axis 10.0 10.4 4.0

Anterior-Posterior axis 3.0 3.2 6.6
Superior-Inferior 140.0 141.9 1.3

Spine Superior-Inferior 87.3 87.4 0.1
Anterior-Posterior of largest vertebrae 53.9 54.8 0.2

Clavicle (medial) Lateral 52.0 54.0 3.8
Anterior-Posterior (Mid) 12.7 13.0 2.4
Superior-Inferior (Mid) 14.4 14.0 2.7

Clavicle (right) Lateral 123.0 121.0 1.6
Anterior-Posterior (Mid) 14.0 13.8 1.4
Superior-Inferior (Mid) 9.0 9.4 4.4

Avg: 2.8

Figure 11 presents the axial fused TEW SPECT/CT slices through the middle of the
remnants as well as the corresponding line profiles. The administered activity for the I-131
acquisitions was 4.7 MBq and 5 MBq for the 1.5- and 3-mL remnants, respectively. For I-123
acquisitions, the administered activity was 5.7 MBq for both remnants. In addition, plots
for the corresponding FWHM are also shown. The FWHM for the 1.5-mL remnant was
15.4 mm and for the 3-mL remnant was 16 mm—when I-131 was administered—while the
corresponding FWHM for the 1.5-mL remnant was 13.3 mm and for the 3-mL remnant was
14.1 mm, when I-123 was administered. The measured I-123 counts within each remnant
were about 5.5 times higher than the I-131 counts within the corresponding remnants. Both
the resolution and counting rate of I-123 were higher than the corresponding I-131 ones.
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administered activities are given within the text.
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Figure 12 presents the counts as a function of the administered I-131 and I-123 activity
within the 1.5- and 3-mL remnants of the custom-made and commercial phantoms for
the TEW SPECT/CT images. I-131 activities ranged from 2.2 to 19.5 MBq while the I-123
activities ranged from 0.5 to 5.7 MBq. Four data points were obtained for each remnant
size, radiopharmaceutical, and phantom. The count rate of I-123 was higher than I-131.
Each dataset was linearly fitted. A correlation was observed in all cases. Consequently, the
SPECT/CT modality responded linearly to the increase in the administered activity for the
sizes of the examined remnants, for both radiopharmaceuticals, and for both phantoms.
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and 3-mL thyroid remnants of the custom-made and commercial phantoms. A linear fit was applied
to each dataset.

Table 3 shows the calculated sensitivity values, and the average sensitivity per dataset,
S in C/MBq·s, where C is the total counts in the remnant. It can be observed that the
average sensitivity for the same radiopharmaceutical, and for the two different sizes of
remnants and the two different phantoms are in agreement within the standard deviation.
Thus, the diluted radiopharmaceuticals were uniform within the cavity of the remnants in
both phantoms.

Table 3. The sensitivity (S) and the average S per dataset in C/MBq·s, where C is the total counts in
each remnant) values as a function of the I-131 and I-123 administered activities (A in MBq) within
the 1.5- and 3-mL thyroid remnants of the custom-made and the commercial phantoms.

I-131

Custom-Made Commercial

1.5 mL 3 mL 1.5 mL 3 mL

A S A S A S A S
2.2 18.8 2.2 18.7 1.5 20.4 1.4 22.8
4.7 18.0 5.0 18.4 5.8 18.8 5.8 21.2
7.1 19.8 7.8 19.4 10.6 18.7 10.4 20.6

13.1 19.4 14.3 19.0 19.5 19.6 19.0 20.3
Avg. S 19.0 18.9 19.4 21.2

I-123

0.5 68.2 0.9 68.2 0.6 70.8 0.6 64.2
2.2 75.6 2.0 69.2 1.3 67.3 1.2 69.6
5.2 70.3 4.2 74.9 2.0 72.8 1.8 71.3
5.7 71.3 5.7 69.7 4.9 71.7 4.5 70.7

Avg. S 71.4 70.5 70.6 69.0
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Figure 13 presents a fused SPECT/CT slice and a planar/static anterior-posterior
(AP) acquisition of the custom-made phantom with an administered I-131 activity of
0.37 MBq/mL within the remnants, and a background-to-remnant activity ratio of 5%. The
uniformity of the background activity was assessed by taking several ROIs in different
slices of the background region, using the ImageJ software, to calculate the coefficient
of variation COV = SD/meanROI × 100% [31]. It can be observed that the background
activity was uniform. The calculated COV from the SPECT image was 7.8% whereas the
corresponding COV from the static AP image was 5%.
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Figure 13. (Left) Fused SPECT/CT slice through the centre of the remnants and (right) planar
anterior-posterior (AP) image of the custom-made phantom with an administered I-131 activities of
0.37 MBq/mL within the remnants and a background-to-remnant activity ratio of 5%.

Figure 14 shows the I-131 and I-123 TEW scatter corrected SPECT/CT images of the
custom-made phantom with 1.5- and 3-mL remnants. In both acquisitions, the administered
I-131 and I-123 activities within the remnants were 13 MBq. An experienced nuclear
medicine physician visually evaluated the images. Less spillover of activity and better
uniformity were observed on the I-123 than the I-131 images. The physician was more
confident in deciding the volume of remnants from I-123 than I-131 images.
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Figure 14. The TEW scatter corrected (left) I-131 and (right) I-123 SPECT/CT images using the
custom-made phantom with 1.5- and 3-mL thyroid remnants. In both acquisitions, the administered
I-131 and I-123 activities within the remnants were 13 MBq.

4. Discussion

Empirical methods to determine the ablative dose or administration of fixed doses
may result in larger or even lower doses than the desirable dose with the greatest benefit.
Postsurgical thyroid SPECT/CT imaging is important to accurately determine the volume
of remnants, and consequently, to accurately calculate the ablative dose for remnants using
dedicated algorithms.

Not only algorithms for volume calculation of remnants and calculation of the ablative
dose, but also, dedicated phantoms are necessary to validate such algorithms, and to
optimize the postsurgical thyroid nuclear medicine procedures.

Such a neck–thyroid phantom with the capability of easily inserting different small
sizes of remnants, at different clinically relevant positions, was developed and presented.
Diluted radiopharmaceuticals can be injected within the remnants and the neck cavity
to simulate different background-to-remnant activity ratios. It also includes the other
main structures within the neck cavity such as the trachea, esophagus, cervical spine and
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clavicle. 3D-printing and molding techniques were utilized for the development of the
neck phantom. The presented custom-made phantom, using the abovementioned designs,
can be manufactured in a short period of time using relatively inexpensive materials. The
materials were chosen to be close to the densities of human tissues, and to avoid undesirable
scattering in CT and SPECT/CT acquisitions.

A more detailed structure with different layers of materials could be used to better
simulate the bone components. However, we chose to keep the bone structures simple,
and easy to manufacture, because the specific structures did not produce any additional
scattering.

In previous studies, either water containers with hollow inserts down to 5 mL were
used to simulate remnants [8–10] or neck–thyroid phantoms with hollow thyroid glands
with or without other anatomical structures [12–15] were used in Tc-99m and I-131 SPECT
studies. In this study, a neck–thyroid phantom with different sizes of small (0.5–10 mL) thy-
roid remnants at clinically relevant positions, including all relevant anatomical structures,
and able to simulate different background-to-remnant activity ratios, was developed to
specifically study postsurgical thyroid-remnant SPECT/CT imaging procedures.

CT images of the custom-made phantom with 1.5- and 3-mL thyroid remnants val-
idated the anatomical positioning of all structures within the phantom and the uniform
density of the structures. Different tools from imaging software were utilized to measure
the volumes and dimensions of these structures, as seen from CT images, and it was found
to agree with the corresponding designed ones. Thus, CT images can be used to extract
information regarding the remnant volume using related algorithms.

I-131 and I-123 SPECT/CT imaging was performed to evaluate the phantom with
1.5- and 3-mL thyroid remnants using routine clinical protocols for postsurgical thyroid
SPECT/CT imaging. Both small remnants could be distinguished in the correct anatomical
position. When fused SPECT/CT images of similar I-131 and I-123 administered activities
were compared using the abovementioned remnants of this phantom, the resolution and
counting rate with I-123 were higher than that those with I-131. It was also demonstrated
that the response and sensitivity of the SPECT/CT modality were higher when using I-123
than I-131. One of the main reasons for this difference is the use of LEHR collimators
for the emitted 159 keV gamma rays of I-123. In I-131 imaging, HEGP collimators are
used to reduce the septal penetration due to the emitted higher energy of gamma rays
(364 keV) resulting in poorer resolution, and sensitivity. The latter is in agreement with
previous patient studies that compared the quality of I-123 and I-131 SPECT images [4,5,7].
In addition, the use of I-123 is preferable to I-131 for diagnostic purposes because I-123 is a
pure gamma emitter with a short half-life (13.2 h) whereas I-131 is also a beta emitter—more
harmful to patients—with a longer half-life (eight days).

SPECT/CT images with I-131 and I-123 of similar administered activities within the
1.5- and 3-mL remnants of the custom-made phantom and RS-542 commercial phantom,
after modification of the RS-542 thyroid gland to include remnants, were compared. Both
the counting rate for clinically relevant activities and sensitivity values were similar. This
comparison was performed to determine whether the structures and materials of the
custom-made phantom could result in any differences from those of the RS-542 phantom
in I-131 and I-123 SPECT/CT imaging. However, the solid RS-542 phantom cannot be
utilized in postsurgical thyroid-remnant imaging because it does not contain remnants,
and additionally no background activity can be administered.

5. Conclusions

The role of postsurgical thyroid-remnant SPECT/CT imaging is crucial in the manage-
ment of RAIT because the remnant volume and ablative dose can be accurately determined
for an individualized treatment.

In this study, a dedicated phantom for this imaging was developed and presented. It
can be easily manufactured using relatively inexpensive materials, and in a short period
of time because of the developed mold. Detachable sections of small thyroid remnants
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of different sizes (0.5–10 mL) can be positioned in clinically relevant positions, within
the phantom, allowing us to easily perform acquisitions and study different remnants.
The phantom also contains the trachea, esophagus, clavicle, and cervical spine, and it can
simulate different background-to-remnants activity ratios.

The phantom anatomy and the selected materials were validated using CT images. Its
performance was evaluated using postsurgical thyroid-remnant SPECT/CT imaging. A
direct quantitative and qualitative comparison verified the superiority of using I-123 over
I-131 in this imaging procedure.

The custom-made phantom can be further improved by including other anatomical
details in the area of the neck, such as the thyroid/cricoid cartilage, and first rib, to
investigate any additional scattering. In addition, the internal jugular vein can be added,
where inferior deep cervical glands are located to investigate metastatic thyroid cancer
to these glands. Other future work will involve the validation of the developed volume
and dose calculation algorithms using this custom-made phantom in postsurgical thyroid-
remnant SPECT/CT imaging.

Author Contributions: Conceptualization, Y.P.; methodology, Y.P., K.M. and A.H.; software design,
A.L. and G.D.; validation, K.M. and A.H.; formal analysis, K.M., Y.P. and A.H.; investigation, K.M.,
A.H., S.F. and Y.P.; resources, Y.P., G.D. and A.L; data curation, A.H. and K.M.; writing—original draft
preparation, K.M.; writing—review and editing, Y.P.; supervision, Y.P.; funding acquisition, Y.P. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was co-funded by the European Regional Development Fund and the Republic
of Cyprus through the Research and Innovation Foundation (Project: EXCELLENCE/1216/0088).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available upon request from the
corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Avram, A.M.; Giovanella, L.; Greenspan, B.; Lawson, S.A.; Luster, M.; Nostrand, D.V.; Peacock, J.G.; Petranovi, P.; Cari Cek, O.;

Silberstein, E.; et al. SNMMI Procedure Standard/EANM Practice Guideline for Nuclear Medicine Evaluation and Therapy of
Differentiated Thyroid Cancer: Abbreviated Version. J. Nucl. Med. 2022, 63, 15N–35N.

2. Haugen, B.R.; Alexander, E.K.; Bible, K.C.; Doherty, G.M.; Mandel, S.J.; Nikiforov, Y.E.; Pacini, F.; Randolph, G.W.; Sawka,
A.M.; Schlumberger, M.; et al. 2015 American Thyroid Association Management Guidelines for Adult Patients with Thyroid
Nodules and Differentiated Thyroid Cancer: The American Thyroid Association Guidelines Task Force on Thyroid Nodules and
Differentiated Thyroid Cancer. Thyroid. Off. J. Am. Thyroid. Assoc. 2016, 26, 1–133. [CrossRef] [PubMed]

3. Frangos, S.; Iakovou, I.P.; Marlowe, R.J.; Eftychiou, N.; Patsali, L.; Vanezi, A.; Savva, A.; Mpalaris, V.; Giannoula, E.I. Difficulties in
Deciding Whether to Ablate Patients with Putatively “Low-Intermediate-Risk” Differentiated Thyroid Carcinoma: Do Guidelines
Mainly Apply in the Centres That Produce Them? Results of a Retrospective, Two-Centre Quality Assurance Study. Eur. J. Nucl.
Med. Mol. Imaging 2015, 42, 2045–2055. [CrossRef]

4. Hilditch, T.E.; Dempsey, M.F.; Bolster, A.A.; McMenemin, R.M.; Reed, N.S. Self-Stunning in Thyroid Ablation: Evidence from
Comparative Studies of Diagnostic 131I and 123I. Eur. J. Nucl. Med. Mol. Imaging 2002, 29, 783–788. [CrossRef]

5. Rault, E.; Vandenberghe, S.; Van Holen, R.; De Beenhouwer, J.; Staelens, S.; Lemahieu, I. Comparison of Image Quality of Different
Iodine Isotopes (I-123, I-124, and I-131). Cancer Biother. Radiopharm. 2007, 22, 423–430. [CrossRef]

6. Liu, G.; Li, N.; Li, X.; Chen, S.; Du, B.; Li, Y. Thyroid Remnant Estimation by Diagnostic Dose (131)I Scintigraphy or (99m)TcO4(-)
Scintigraphy after Thyroidectomy: A Comparison with Therapeutic Dose (131)I Imaging. BioMed Res. Int. 2016, 2016, 4763824.
[CrossRef]

7. Iwano, S.; Kato, K.; Nihashi, T.; Ito, S.; Tachi, Y.; Naganawa, S. Comparisons of I-123 Diagnostic and I-131 Post-Treatment Scans
for Detecting Residual Thyroid Tissue and Metastases of Differentiated Thyroid Cancer. Ann. Nucl. Med. 2009, 23, 777–782.
[CrossRef]

8. Mortelmans, L.; Nuyts, J.; Van Pamel, G.; Van den Maegdenbergh, V.; De Roo, M.; Suetens, P. A New Thresholding Method for
Volume Determination by SPECT. Eur. J. Nucl. Med. 1986, 12, 284–290. [CrossRef] [PubMed]

9. Zaidi, H. Comparative Methods for Quantifying Thyroid Volume Using Planar Imaging and SPECT. J. Nucl. Med. 1996, 37,
1421–1426. [PubMed]

http://doi.org/10.1089/thy.2015.0020
http://www.ncbi.nlm.nih.gov/pubmed/26462967
http://doi.org/10.1007/s00259-015-3124-4
http://doi.org/10.1007/s00259-002-0785-6
http://doi.org/10.1089/cbr.2006.323
http://doi.org/10.1155/2016/4763824
http://doi.org/10.1007/s12149-009-0303-z
http://doi.org/10.1007/BF00251989
http://www.ncbi.nlm.nih.gov/pubmed/3490983
http://www.ncbi.nlm.nih.gov/pubmed/8708788


Life 2023, 13, 961 15 of 15

10. Lyra, M.; Striligas, J.; Gavrilelli, M.; Chatzijiannis, C.; Skouroliakou, K. Thyroid Volume Determination by Single Photon
Tomography and 3D Processing for Activity Dose Estimation. In Proceedings of the IST IEEE Workshop on Imaging Systems and
Techniques Proceedings, Chania, Crete, 1 July 2008; pp. 17–20. [CrossRef]

11. Lassmann, M.; Reiners, C.; Luster, M. Dosimetry and Thyroid Cancer: The Individual Dosage of Radioiodine. Endocr.-Relat.
Cancer 2010, 17, R161–R172. [CrossRef]

12. Karimi, M.; Mostaghimi, H.; Shams, S.F.; Mehdizadeh, A.R. Design and Production of Two-Piece Thyroid-Neck Phantom by the
Concurrent Use of Epoxy Resin and Poly(Methyl Methacrylate) Soft Tissue Equivalent Materials. J. Biomed. Phys. Eng. 2018, 8,
217. [CrossRef] [PubMed]

13. Cerqueira, R.A.D.; Maia, A.F. Development of Thyroid Anthropomorphic Phantoms for Use in Nuclear Medicine. Radiat. Phys.
Chem. 2014, 95, 174–176. [CrossRef]

14. Hermosilla, A.; Díaz Londoño, G.; García, M.; Ruíz, F.; Andrade, P.; Pérez, A. Design and Manufacturing of Anthropomorphic
Thyroid-Neck Phantom for Use in Nuclear Medicine Centres in Chile. Radiat. Prot. Dosim. 2014, 162, 508–514. [CrossRef]

15. Alqahtani, M.S.; Lees, J.E.; Bugby, S.L.; Samara-Ratna, P.; Ng, A.H.; Perkins, A.C. Design and Implementation of a Prototype Head
and Neck Phantom for the Performance Evaluation of Gamma Imaging Systems. EJNMMI Phys. 2017, 4, 19. [CrossRef] [PubMed]

16. SOLIDWORKS. Available online: https://www.solidworks.com/ (accessed on 27 July 2022).
17. Kirk, S.; Lee, Y.; Roche, C.; Bonaccio, E.; Filippini, J.; Jarosz, R. The Cancer Genome Atlas Thyroid Cancer Collection (TCGA-THCA)

(Version 3) [Data Set]; The Cancer Imaging Archive: Washington, DC, USA, 2016.
18. Thyroid Phantom. Available online: https://rsdphantoms.com/product/thyroid-phantom/ (accessed on 10 March 2023).
19. Furlow, P.W.; Mathisen, D.J. Surgical Anatomy of the Trachea. Ann. Cardiothorac. Surg. 2018, 7, 255–260. [CrossRef] [PubMed]
20. Xia, F.; Mao, J.; Ding, J.; Yang, H. Observation of Normal Appearance and Wall Thickness of Esophagus on CT Images. Eur. J.

Radiol. 2009, 72, 406–411. [CrossRef]
21. Clark, K.; Vendt, B.; Smith, K.; Freymann, J.; Kirby, J.; Koppel, P.; Moore, S.; Phillips, S.; Maffitt, D.; Pringle, M.; et al. The Cancer

Imaging Archive (TCIA): Maintaining and Operating a Public Information Repository. J. Digit. Imaging 2013, 26, 1045–1057.
[CrossRef]

22. Bücking, T.M.; Hill, E.R.; Robertson, J.L.; Maneas, E.; Plumb, A.A.; Nikitichev, D.I. From Medical Imaging Data to 3D Printed
Anatomical Models. PLoS ONE 2017, 12, e0178540. [CrossRef]

23. Fedorov, A.; Beichel, R.; Kalpathy-Cramer, J.; Finet, J.; Fillion-Robin, J.C.; Pujol, S.; Bauer, C.; Jennings, D.; Fennessy, F.; Sonka,
M.; et al. 3D Slicer as an Image Computing Platform for the Quantitative Imaging Network. Magn. Reson. Imaging 2012, 30,
1323–1341. [CrossRef]

24. FormLabs®. White Paper: Intro to Stereolithography 3D Printing. 2019. Available online: https://3d.formlabs.com/introduction-
to-stereolithography/ (accessed on 1 July 2022).

25. Crystic®. Isophthalic Polyester Resin 199|Scott Bader. Available online: https://www.scottbader.com/business/composites/
crystic-resin-199/ (accessed on 4 January 2023).

26. Smooth-CastTM 380|Smooth-On, Inc. Available online: https://www.smooth-on.com/products/smooth-cast-380/ (accessed on
30 December 2022).

27. Rueden, C.T.; Schindelin, J.; Hiner, M.C.; DeZonia, B.E.; Walter, A.E.; Arena, E.T.; Eliceiri, K.W. ImageJ2: ImageJ for the next
Generation of Scientific Image Data. BMC Bioinform. 2017, 18, 529. [CrossRef]

28. Brenner, D.E.; Whitley, N.O.; Houk, T.L.; Aisner, J.; Wiernik, P.; Whitley, J. Volume Determinations in Computed Tomography.
JAMA J. Am. Med. Assoc. 1982, 247, 1299–1302. [CrossRef]

29. Hadjiconstanti, A.; Michael, K.; Frangos, S.; Demosthenous, G.; Lyra, M. The Impact of Two Scatter Correction Methods on I-131
AC-SPECT Images Using an Anthropomorphic Phantom with Variable Sizes of Thyroid Remnants. In Proceedings of the The
Impact of Two Scatter Correction Methods on I-131 AC-SPECT Images Using an Anthropomorphic Phantom with Variable Sizes
of Thyroid Remnants, Kyoto, Japan, 6–9 November 2020. [CrossRef]

30. Rautenkranz, T. CT Head Neck-Sectional-Anatomy.Org. Available online: https://www.sectional-anatomy.org/ct-head-neck/
(accessed on 19 August 2022).

31. BIPM; IEC; IFCC; ILAC; ISO; IUPAC; IUPAP; OIML. Evaluation of Measurement Data-Guide to the Expression of Uncertainty in
Measurement; JCGM 100:2008 (GUM 1995 with Minor Corrections); Joint Committee for Guides in Metrology: Sèvres, France, 2008.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1109/IST.2008.4659932
http://doi.org/10.1677/ERC-10-0071
http://doi.org/10.31661/jbpe.v8i2.952
http://www.ncbi.nlm.nih.gov/pubmed/29951449
http://doi.org/10.1016/j.radphyschem.2012.12.038
http://doi.org/10.1093/rpd/ncu022
http://doi.org/10.1186/s40658-017-0186-3
http://www.ncbi.nlm.nih.gov/pubmed/28685477
https://www.solidworks.com/
https://rsdphantoms.com/product/thyroid-phantom/
http://doi.org/10.21037/acs.2018.03.01
http://www.ncbi.nlm.nih.gov/pubmed/29707503
http://doi.org/10.1016/j.ejrad.2008.09.002
http://doi.org/10.1007/s10278-013-9622-7
http://doi.org/10.1371/journal.pone.0178540
http://doi.org/10.1016/j.mri.2012.05.001
https://3d.formlabs.com/introduction-to-stereolithography/
https://3d.formlabs.com/introduction-to-stereolithography/
https://www.scottbader.com/business/composites/crystic-resin-199/
https://www.scottbader.com/business/composites/crystic-resin-199/
https://www.smooth-on.com/products/smooth-cast-380/
http://doi.org/10.1186/s12859-017-1934-z
http://doi.org/10.1001/jama.1982.03320340053035
http://doi.org/10.1145/3444884.3444894
https://www.sectional-anatomy.org/ct-head-neck/

	Introduction 
	Materials and Methods 
	Designs 
	Developments 
	CT and SPECT/CT Acquisitions 

	Results 
	Discussion 
	Conclusions 
	References

