
Abstract. Background/Aim: Many patients with head-and-
neck cancers receive radiotherapy. Treatment planning can be
very complex in case of dental fillings or implants that cause
metal artefacts. Verification of dose distributions may be
performed using specific phantoms. This study aimed to
develop a 3D-printed phantom that can be produced easily and
cost-effectively. Patients and Methods: The phantom was
designed to allow fast adaption to a patient’s individual
situation with a particular focus on metal artefacts due to
dental fillings. Bone and soft-tissue shells were 3D-printed and
filled with tissue-equivalent materials. Results: Attenuation
properties of the tissue-equivalent structures in the phantom
corresponded well to the structures of real human anatomy. In
magnetic resonance (MR)-imaging, useful signals of the
materials in the phantom were obtained. Conclusion: The
phantom met the requirements including equivalence with
human tissues and can be useful for highly individual treatment
planning in precision-radiotherapy of head-and-neck cancers.
It can be also used for scientific issues related to MR-imaging.

The number of patients with head-and-neck cancer is
constantly increasing (1). Most patients with locally advanced
tumors receive radiotherapy alone or following surgery. Since
comparatively high radiation doses of 60-70 Gy are generally
required, the treatment can be associated with significant acute
and late toxicities (2-5). These toxicities include xerostomia,

which can be burdensome for the patients and lead to late
sequelae such as radiation caries (6). Xerostomia following
radiotherapy can be reduced with the use of modern precision
techniques such as intensity-modulated radiotherapy (IMRT)
and volume-modulated arc therapy (VMAT) (6, 7). In order to
provide the optimal radiation treatment for a head-and-neck
cancer patient, the patient’s individual situation including his
anatomy must be appropriately considered. Treatment
planning and delivery become more complex if a patient has
dental fillings and implants or titanium implants as part of
reconstructive surgery (8). Particularly, verification of the
distribution of the radiation dose, which is an important
procedure of quality assurance in radiation oncology, can
become very difficult. Usually, the verification is performed
at the linear accelerator (LINAC) without the patient. The
calculated dose distribution of the treatment plan and the dose
distribution measured at the LINAC using the attached
imaging system are compared. In case of dental fillings or
implants, this way of conventional verification of the dose
distribution is less precise. Fillings and implants absorb
radiation leading to deviations of the dose distribution, which
cannot be appropriately considered during conventional
verification. In these situations, verification may be performed
with a specific phantom for dosimetric measurements, which
considers the individual situation of a specific patient. 

Phantoms are already commercially available for quality
assurance purposes in radiation therapy. However, these
phantoms cannot be adapted to a patient’s individual
situation. Moreover, they are comparatively expensive. Due
to the fast development of rapid prototyping, it recently has
become possible to produce phantoms that can take into
account specific requirements for individual patients and can
be produced at reasonable costs. The present study aimed to
develop a new phantom specifically for head-and-neck
cancer patients, which considers the impact of metal artifacts
caused by dental fillings on the distribution of the radiation
dose in these patients (9-11). 
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Patients and Methods

Requirements. The phantom had to be anthropomorphic. In addition,
the use of various dosimetry procedures should be practicable.
Moreover, it should be possible to adapt the phantom quickly and
cost-effectively to various individual situations. To meet these
requirements, the phantom should not be built as one piece but in
layers. This means that all required changes will affect only one or
very few layers but not the whole phantom. As a result, it would not
be required to rebuild the whole phantom for each different
situation. The layered structure of the phantom would also allow the
placement of radiochromic films in the interlayer spaces. These
films allow dose measurements and comparisons with planned dose
distributions (12). Due to the layer arrangement, fixing options must
be created for the stabilization of the phantom and its reproducible
storage.

A clinically relevant aspect that needs to be addressed by the
phantom is the influence of metal artifacts caused by dental
implants and fillings on the real dose distribution in radiotherapy of
head-and-neck cancer patients. Therefore, the teeth of the phantom
should be exchangeable easily and fast. This would ensure that
measurements can be carried out, with or without metallic fillings,
without major modifications of the phantom. The phantom should
be usable for various issues related to the dose distribution of
external beam radiotherapy, brachytherapy and stereotactic
radiotherapy (13-18). Moreover, it should be usable for magnetic
resonance (MR)-imaging.

Testing of the material. The material for the construction of the
phantom should meet two requirements, i.e. physical properties
equivalent to human tissue considering attenuation coefficients and
Hounsfield units (HU) and an easy and fast manufacturing process. In
the preliminary stages of the construction process, different materials
were tested with respect to processing and attenuation properties. For
these tests, a computer tomograph (CT) (Siemens Somatom Balance,
Siemens AG, Erlangen, Germany) was used. Data acquisition was
performed with the following device settings: image matrix of
512×512, tube voltage of 130 kV, tube current of 34 mA, exposure
time of 1500 msec, focus size of 0.95 mm, slice thickness of 3 mm
and the reconstruction kernel B30s. As bone equivalent, conventional
gypsum plaster (Modellgips für Bau und Hobby, decotric GmbH,
Hann. Muenden, Germany) was tested. The gypsum plaster used was
mixed with water (2:1). After 24 h, the gypsum plaster was completely
cured and dried. The generated CT-images were evaluated using
ImageJ (https://imagej.nih.gov/ij/). There was a pixel-by-pixel analysis
within a region of interest (ROI) (26.52×12.88) and the calculation of
a mean HU value. As tissue equivalent, three different materials were
tested for their suitability: two-component silicone rubber (Sidopal
Abformsilikon 8130-T, Fiberglas Discount GmbH, Hohenbrunn,
Germany), two-component polyurethane casting resin (Polyurethan
Giessharz Resinpal 1818, Fiberglas Discount GmbH, Hohenbrunn,
Germany) and construction silicone (MEM Universal Silikon,
Bauchemie GmbH, Leer, Germany).

Development of the phantom. The basis for the manufacturing of the
phantom was a CT-dataset of the X-CAT software phantom (19).
The dataset corresponded to a male adult with minor anatomical
simplifications. The image pixels contain information about the
attenuation values μ. For further processing Hounsfield units were
required. 

Therefore, the dataset was read into MATLAB (The MathWorks,
Inc., Natick, MA, USA, Version: R2015a, ReadData3D: D. Kroon,
University of Twente, 2010) and the 

Hounsfield units were calculated pixel by pixel. The row of pixels
separating the upper and lower rows of teeth was used as baseline
to divide the entire dataset into layers. This resulted in eleven 2 cm-
layers and one 3 cm-layer. For extracting individual structures from
the CT images, a 3D modeling software was required, which
enabled subsequent storage of the structures in a readable format
for a 3D printer. The open source program 3D Slicer [Open Source
Initiative, Palo Alto, USA, (20)] was used for segmentation of the
surface and the bone shell of the corresponding layers with the
following threshold values T: 

and

The low HU-limit for the soft tissues resulted from the fact that only
the surface should be segmented and not the complete soft tissue
area. 

Based on a surface triangulation, the different segmentations
were stored in a stereo-lithography (stl) format. When creating stl-
files from anatomical structures, free triangulations and incorrectly
closed surface sections may occur due to the irregular surface
structure, which require further processing. Using the open source
software Blender (Stichting Blender Foundation, Amsterdam, the
Netherlands), holes in the structure were closed and free
triangulations eliminated. In addition, a simple smoothing filter was
used. With this filter, the triangulations could be smoothened by
flattening the angles between adjacent faces. 

The printed bone shells (Figure 1) were filled with bone
equivalent material and combined with the corresponding printed
surface. Subsequently, the combined layer was filled with tissue-
equivalent material. Air-filled anatomical structures such as the
trachea and paranasal sinuses were simulated with silicone rubber.
This could be removed without residue after curing of the tissue-
equivalent material (Figure 2). 

To study the influence of metal artifacts due to dental fillings, a
CT-dataset of a conventional dental model was generated (Siemens
Somatom Balance, matrix of 512×512, tube voltage of 130 kV, tube
current of 90 mA, exposure time of 1500 msec, focus size of 0.6
mm, slice thickness of 1 mm and reconstruction kernel H80s). The
dataset was processed as described above and printed twice. The
dental model was filled with a combination of conventional plaster
and pure calcium phosphate. One dataset served as reference. The
other one was processed to fill drill holes with lead as an equivalent
to amalgam fillings (Figure 3). 

To be able to assess the phantom for further validation after
completion of the manufacturing process, CT and MRI datasets
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Figure 1. Three 3D-printed bone slices that corresponded to layers 3 to 5 of the phantom. After additive manufacturing the bone slices still contained
supporting material (white), which was removed later. 

Figure 2. Combination of the printed soft tissue and bone components: Filling process of layer 6 including nasal sinuses still filled with silicone
rubber.



were generated. A Siemens Biograph mCT40 was used for
generation of the CT images with the following device settings:
image matrix of 512×512, tube voltage of 120 kV, tube current of
372 mA, exposure time of 500 msec, focus size of 1.2 mm, slice
thickness of 1 mm and the reconstruction kernel H60f. The used
MRI was a Philips Ingenia 3.0 T (Philips GmbH, Germany) and one
sequence was generated: T2W_TSE, dS Head coil, matrix of
576×576, slice thickness of 4 mm, spin echo, TR: 3000 msec, TE:
80 msec.

Results

Testing of the material. The results with respect to the testing
of the materials are summarized in Table I. The silicone
rubber was slightly viscous and therefore difficult to process.
The mixing of the two components (rubber and crosslinking
agent) resulted in numerous small air bubbles that could not
be completely removed and resulted in an inhomogeneous
mass. The advantage of the rubber was the processing time
of only 20 min. The mean CT value was 283 HU
(range=253-323±35 HU). For an appropriate reproduction of
soft tissues, this HU value was too high [usually about 50
HU, (21)]. The consistence of the polyurethane casting resin
was liquid. The mixing of the two components (casting resin
and hardener) showed no formation of air bubbles. The mean
CT value was 54 HU (range=46-82±18 HU), which was
equivalent to the value of 50 HU for human soft tissue (21).
At the specified mixing ratio, the gypsum plaster revealed a
range of CT values between 909 and 1343 (±217) HU and a
mean value of 1055 HU. The calculated HU values
correspond to those of bones in the human body (21).

Development of the phantom. The new phantom representing
a prototype met the pre-defined requirements with respect to
tissue-equivalence, i.e. the equivalence of the materials used
for the phantom with human tissues (Table I). Moreover, the
additive manufacturing of the individual structures and layers
corresponded well to the generated stl-files. The attenuation
properties of the different structures in the phantom
corresponded in a simplified form to those of the human
anatomy. Examples of CT-images are given in Figure 4.

Moreover, as anticipated, the results of the MR-imaging
measurements revealed a usable signal in the area of the
polyurethane casting resin and a very weak signal in the area
of the 3D-printed material and the gypsum plaster for a T2-
weighting (Figure 5). Thus, the phantom can be also used to
contribute to scientific issues related to MR-imaging.

A few minor problems regarding the construction of the
phantom were observed. Since the spaces inside the printed
bone shell were sometimes too narrow or even closed, the
gypsum plaster did not reach all cavities as required. This
problem mainly occurred in the area of the facial skull and
the temples and resulted in air bubbles in the bone area. For
the vertebral bodies, a similar problem was observed. Since
the proportion of the 3D printed part was too large, only a
small area could be appropriately filled with gypsum plaster.
This problem can be easily solved with a true-to-scale
enlargement of the phantom. 

Furthermore, the printed cylinders required for fixation of
the individual layers for stabilization of the phantom broke
under minor mechanical stress. This phenomenon was only
observed when the base of the cylinder was parallel to the
printing plate. For cylinders printed horizontally (base of the
cylinder perpendicular to the printing plate) no breaks were
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Table I. Overview of the materials tested with respect to the suitability
for the construction of the phantom.

Material                                     Processing              Range             Mean
                                                       time                   of HUs              HU

Silicone rubber                            20 min           253-323 (±35)        283
Polyurethane casting resin           6 min              46-82 (±18)           54
Conventional silicone             Unspecified       169-221 (±26)        199
Gypsum plaster                            10 min         909-1343 (±217)     1055

HU: Hounsfield units.

Figure 3. Slice of the upper jaw with metal implants (one molar and two
premolars) corresponding to layer 8.



observed under mechanical stress. However, fixation of the
layers using cylinders turned out to be problematic in
general. When taking into account the weight of each layer
of the phantom, the adhesive area of the cylinders was
comparatively small. As a consequence, the cylinders
became loose during the use of the phantom. This problem
can also be solved easily; printed cylinders must be replaced
by commercially available plastic cylinders. 

Discussion

A lot of research is performed to improve the prognoses of
patients with locally advanced head-and-neck cancers that are
often poor (22-25). These patients are generally treated with
surgery of the primary tumor and lymph nodes followed by
radiotherapy plus/minus chemotherapy or with definitive
radio-chemotherapy alone (2-6). These multimodal treatments
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Figure 4. Selected CT layers of the phantom in the bone window showing uniform filling of the bone structure and filling with polyurethane castin
resin.

Figure 5. Transverse layers from different sections of the phantom (spin echo, T2-weighted): The 3D-printing material and gypsum plaster show a
very weak signal as anticipated. The signal of the polyurethane casting resin is sufficient for imaging. 



are often associated with significant toxicities and functional
restrictions (2-7, 26-28). The most common acute toxicities
that are related to radiotherapy and radio-chemotherapy
include dermatitis and oral mucositis (2-5). If interruptions of
the radiotherapy course are required or the concurrent
chemotherapy cannot be administered with the complete
planned dose, the patients’ prognoses become worse (29, 30).
Xerostomia is a significant late morbidity that can be a
consequence of surgical resection of one or both parotid
glands and/or radio(chemo)therapy (2-7, 26-31). This type of
late toxicity can significantly impair the patients’ quality of
life and lead to other late morbidities. Therefore, it is one
important goal of radiotherapy of head-and-neck cancers to
spare at least one parotid gland in order to reduce the risk of
xerostomia. Sparing of the parotid gland(s) can be achieved
with the use of modern precision techniques, namely IMRT
and VMAT (6, 7). However, the treatment planning can be
quite challenging if the patient has dental fillings or implants.
In these patients, metal artefacts may not allow proper
calculation and verification of the distribution of the radiation
dose, and may even lead to undetected high radiation doses
in the parotid glands resulting in xerostomia (8). Verification
of the dose distribution may be more appropriately performed
when using a phantom. Commercially available phantoms are
comparatively expensive and generally not adaptable to the
specific situation of an individual patient including dental
fillings and implants.

Therefore, we have developed a new anthropomorphic 3D-
printed phantom specifically designed for the treatment
planning in radiotherapy of head-and-neck cancers. The idea
of using this type of phantom has been recently applied to other
specific situations including MR-imaging issues, validation of
brain SPECT analyses and end-to-end tests in ion radiotherapy
but not to radiotherapy of head-an-neck cancers (32-34). The
phantom developed in the present study is more cost-effective
than commercially available phantoms and can be produced in
every radiation oncology department if a 3D-printer is
available. Moreover, its construction in layers allows fast
adaptions to new situations by making changes to only one or
a few layers rather than re-building the whole phantom. The
new phantom met the pre-defined requirements with respect to
tissue-equivalence (equivalence between the materials of the
phantom and corresponding human tissues). In addition, the
additive manufacturing of the individual structures and layers
corresponded well to the generated stl-files. Since usable
signals of the materials of the phantom on MR-imaging were
found, the new phantom can also be used for MR-imaging,
which is another important field of research (32). Just a few
minor problems regarding the construction of the phantom
were observed regarding the appropriate filling of the phantom
with the gypsum plaster and the printed cylinders used for
connecting the layers and for stabilization of the phantom.
However, one has to be aware that this new phantom is a

prototype. Fortunately, these minor problems can be easily
solved and will, therefore, not affect the value of this phantom
for individual treatment planning in head-and-neck cancer
patients. Further development of the phantom will include
dental implants and metal implants from reconstructive surgery. 

In conclusion, additive manufacturing (3D-printing)
proved to be suitable for the construction of a new phantom
developed for treatment planning in radiotherapy of head-
and-neck cancers. The new phantom met the postulated
requirements including the pre-defined tissue-equivalence.
Particularly due to its construction in layers, it can be useful
for individual treatment planning in precision-radiotherapy
of head-and-neck cancers. Moreover, the phantom can be
used for future scientific issues related to MR-imaging.
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