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head and neck phantom for patient-specific quality assurance
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Abstract

We evaluated an anthropomorphic head and neck phantom with tissue heterogeneity, produced using a personal 3D printer,
with quality assurance (QA), specific to patients undergoing intensity-modulated radiation therapy (IMRT). Using semi-
automatic segmentation, 3D models of bone, soft tissue, and an air-filled cavity were created based on computed tomogra-
phy (CT) images from patients with head and neck cancer treated with IMRT. For the 3D printer settings, polylactide was
used for soft tissue with 100% infill. Bone was reproduced by pouring plaster into the cavity created by the 3D printer. The
average CT values for soft tissue and bone were 13.0+144.3 HU and 439.5 + 137.0 HU, respectively, for the phantom and
12.1+124.5 HU and 771.5+£405.3 HU, respectively, for the patient. The gamma passing rate (3%/3 mm) was 96.1% for a
nine-field IMRT plan. Thus, this phantom may be used instead of a standard shape phantom for patient-specific QA in IMRT.
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1 Introduction

High conformal radiotherapy techniques, such as intensity-
modulated radiation therapy (IMRT) and volumetric arc
therapy, provide complex dose distributions with a sharp
gradient; therefore, patient-specific quality assurance (QA)
is necessary. Gamma index evaluation with a standard shape
phantom has become the standard technique to compare
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measured and calculated distributions using a commercial
radiation treatment planning system (TPS) [1]. Typically,
for an acceptance criterion of 95% of points above a dose
threshold, the gamma index should be < 1 for dose differ-
ence and distance-to-agreement limits of 3% and 3 mm,
respectively [2, 3]. A previous study demonstrated the lack
of correlation between conventional IMRT QA methods and
dose errors in anatomical regions of interest [4]. Further-
more, Zhen et al. [5] reported a weak correlation between
the gamma passing rate and critical patient dose volume his-
togram (DVH) errors. These previous findings demonstrate
that gamma evaluation methods using existing phantoms
may not accurately predict clinically relevant patient dose
errors [5].

To solve this problem, an anthropomorphic patient-spe-
cific phantom has been developed [6]. The dose distribu-
tion of this anthropomorphic phantom is ideally equal to
that of a patient undergoing computed tomography (CT).
This phantom enabled us to adopt patient DVH-based QA
instead of the gamma evaluation method using a standard
shape phantom.

Recently, 3D printing has been used in the field of radi-
otherapy, and several 3D-printed materials (e.g., boluses)
have already been used in clinical practice [7-17]. This
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3D printing technique could also be used to create an
anthropomorphic phantom [6, 15, 16, 18]. If a personal
3D printer could be used to create this phantom, medical
physicists would be able to easily create a similar phan-
tom in hospitals. Ehler et al. [6] evaluated the feasibility
of creating an anthropomorphic phantom using a personal
3D printer, using acrylonitrile butadiene styrene (ABS) as
the printing material. However, because of the excessive
heat required to extrude ABS plastic, the phantom could
not be printed as a 100% solid object because of unaccep-
table deformation of the plastic on cooling. Instead, they
printed the exterior shape of the phantom and filled it
with a uniform mixture of a modified M3 mix. Kamomae
et al. and Yea et al. also evaluated the feasibility of the
3D-printed anthropomorphic patient-specific head phan-
tom [15, 16]. In these previous studies, the authors did not
recreate the bone region (i.e., they recreated only the soft
tissue and cavity regions). A 3D-printed anthropomorphic
head phantom has been released as a commercial prod-
uct (PseudoPatient™; RTsafe, San Antonio, TX, USA).
This product can recreate the bone region, but there was
no paper about detailed information of this phantom. In
addition, evaluation of the geometric reproducibility of
the 3D-printed phantom has been minimal.

Thus, we evaluated the feasibility of an anthropomor-
phic head and neck phantom with tissue heterogeneity
created using a 3D printer.

Complicating the phantom by
combing its right and left
sides

2 Materials and methods
2.1 The 3D-printed head and neck phantom

We used planning CT images of a patient with head and
neck cancer treated with IMRT in this study. This study
was a retrospective analysis approved by our intuitional
review board (2016-1-864). The workflow of creating the
3D-printed patient-specific head and neck phantom is shown
in Fig. 1. First, the planning CT images were imported into
in-house software based on Metasequoia 3D modeling
software (Tetraface Inc., Tokyo, Japan). We modified the
commercial 3D modeling software to perform the following
steps using the graphical user interface. First, a 3D model
reproducing three parts of the patient (bone, soft tissue, and
air cavity) was created using semi-automatic segmentation.
Regarding segmentations, the Otsu threshold method of dis-
criminant analysis was used to segment the patient’s body
surface [19]. In addition, a threshold value of —500 HU was
used for the soft tissue (— 500 HU < soft tissue region) and
200 HU for the bone (200 HU <bone region). After auto-
matic segmentation based on these criteria, each region was
manually modified by an experienced medical physicist, par-
ticularly for regions with metal artifacts. A 3-cm-thick 3D
model of the patient was then created. For pouring the liquid
plaster into the cavity, we made thin walls (2-mm thick)
at the inferior and superior ends of the phantom. Next, the
3D model that was exported to a standard triangulated lan-
guage format was imported into Slicer software version 3.1.1

Pouring the liquid plaster into
the phantom

Fig. 1 Workflow for creating a 3D-printed patient-specific head and neck phantom
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(Simplify3D, Cincinnati, OH, USA) to print the phantom
using a 3D printer. The 3D printing was performed using
fused deposition modeling on a Ninjabot NJB-300 W (Nin-
jabot, Shizuoka, Japan). Polylactide (PLA; Polymaker, Great
Neck, NY, USA) was used as the 3D printing material for
soft tissue with 100% infill. In a preliminary study, several
materials were evaluated and found to be suitable for soft tis-
sue (e.g., ABS or polycarbonate). Based on this preliminary
study, PLA was selected as the material for the soft tissue,
largely because of its reasonable CT value. The extraction
temperature was 210 °C, layer height was 0.4 mm, and print
speed (extrusion) was 20 mm/s.

Bone was subsequently reproduced by pouring plaster
into the cavity of the phantom. First, to accurately pour
the plaster into the entire cavity in the phantom created
by the 3D printer, liquid plaster was prepared by mixing
plaster powder (high-grade work plaster; Kateikagakuko-
gyo Co.,Ltd., Osaka, Japan) and water at a ratio of 2:1. The
physical density of the plaster was approximately 2.3 g/cm®.
The phantom was divided into two separate parts (right and
left sides) into which the liquid plaster was poured to fill the
entire cavity. The mixture then hardened.

2.2 CTimage acquisition and treatment planning

All CT images were obtained using a LightSpeed RT16
system (GE Medical Systems, Brookfield, WI, USA). The
settings for CT acquisition were 120 kV, 400 mA, and 0.5 s/
rotation; slice thickness was 2.5 mm.

The TPS used in this study was Eclipse version 11.0 (Var-
ian Medical Systems, Palo Alto, CA, USA). The Acuros XB
dose calculation algorithm (dose-to-medium setting) imple-
mented in Eclipse was selected for dose calculation because
it provides accuracy comparable to the Monte Carlo method
[20]. A treatment plan was created using eight-field IMRT;
photon energy was 6 MV with gantry angles of 60°, 100°,
135°, 165°, 195°, 225°, 260°, and 300°. The prescription
dose was 50 Gy, delivered in 25 fractions.

2.3 Evaluation of the physical characteristics
of the phantom

To confirm the effectiveness of the phantom, the similar-
ity of physical characteristics such as CT number and ana-
tomical shape compared with the patient’s CT image was
evaluated. In terms of CT values, average CT values for soft
tissue and bone, as well as the line profiles of CT values,
were compared between the phantom and patient. In terms
of anatomical shape, Dice similarity coefficients (DSCs) of
CT images for surface, soft tissue, and bone were compared
between the phantom and patient. DSC is often used to eval-
uate auto-segmentation accuracy and represents the volume
overlap between two contours [21, 22]. For analysis of CT

values and anatomical shapes, we used the contours of the
body surface, soft tissue, and bone regions in all planes of
the CT images.

As mentioned in Sect. 2.1, contours of the body surface,
soft tissue, and bone in the patient’s CT image were created
using semi-automatic segmentation with manual modifica-
tion by the medical physicist. In the same manner, we cre-
ated the contours of the body surface, soft tissue, and bone
in the phantom’s CT. The average CT values and DSCs were
calculated using two contours in the patient’s and phantom’s
CT images. When the DSC is 1.0, the two contours matched
perfectly. That is, the phantom could reproduce the anatomi-
cal shape accurately.

2.4 Evaluation of dose distribution of the phantom
CTimage

For dose comparison, we recalculated the dose distribu-
tion on a phantom CT image. First, automatic rigid regis-
tration using mutual information was performed between
the phantom’s and patient’s CT images. Next, the dose dis-
tribution of the phantom CT image was recalculated using
the same beam geometry and number of monitor units as
in the patient’s CT plan. Gamma analysis (3%/3 mm) was
performed on the dose distributions calculated for the CT
images of the phantom and patient.

3 Results

Figure 2 shows images of the newly created physical phan-
tom, and Fig. 3 shows representative axial CT images of the
phantom and patient. On visual inspection, the phantom CT
image was considerably similar to that of the patient. How-
ever, there were differences around the nose and paranasal
sinus between the two CT images. It should be noted that
since there are 2-mm-thick walls on the inferior and superior
ends of the phantom, we cannot see the internal structures
in Fig. 2.

Table 1 shows the average CT values of soft tissue
and bone in the phantom, showing reasonable agreement
between the phantom and patient, particularly for soft tis-
sue. In addition, Table 1 shows the DSCs for soft tissue,
bone, and body surface. Although bone showed moderate
agreement, the other two structures showed relatively good
agreement between the phantom and patient. Figure 3 also
shows two line profiles of CT values from both the phan-
tom’s and patient’s CT images. In the soft tissue region,
there was relatively good agreement between the phantom’s
and patient’s CT line profiles. In contrast, in the bone region,
slight differences in CT values were observed between the
two profiles (maximum difference =734.8 HU).
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Fig.2 Images of the newly cre-
ated physical phantom

Fig.3 Representative axial
computed tomography images
of the phantom and patient
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Table 1 Summary of the average CT values and Dice similarity coef-
ficients for each region

Average CT value (HU) DSC
Patient Phantom
Soft tissue 12.1+124.5 13.0+144.3 0.81
Bone 771.5+405.3 439.5+137.0 0.71
Patient surface - - 0.92

DSC Dice similarity coefficient

Figure 4 shows the dose distributions of the phan-
tom’s and patient’s CT images and the gamma analysis
results (criteria: 3%/3 mm). The gamma passing rate for
all areas in the 3D-printed phantom was 96.1%, showing
good agreement between the two distributions. It should
be noted that there were large dose differences between
the two dose distributions near the body surface and bony
regions.

@ Springer

- patient

— diff (phantom-patient)

= phantom

Patient CT

250  Phantom CT

Distance(mm)

4 Discussion

Ehler et al. [6] previously described the potential of
3D-printed head and neck phantoms. However, they could
not reproduce soft tissue and bone using their 3D printing
material, whereas our phantom could accurately repro-
duce the heterogeneity of different patient structures. They
reported that the gamma passing rate (tolerance: 3%/3 mm)
using films was 87.0% for superior axial images. In our
data, the gamma passing rate without film dosimetry
was 96.1% at almost the same slice as that described by
Ehler et al. We calculated the gamma passing rate using
two dose distributions calculated using the TPS, whereas
Ehler et al. used two dose distributions measured using
films. Consequently, their results included measurement
uncertainty [6]. Their gamma passing rates differed from
ours, possibly because their phantom did not reproduce the
bone region. Kamomae et al. made a similar 3D-printed
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Patient

Phantom

3%/3mm gamma
index map

Fig.4 Dose distributions of phantom and patient computed tomography images and a gamma index map (criteria: 3%/3 mm) obtained using an

eight-field intensity-modulated radiation therapy plan

patient-specific phantom using the same material in the
3D printer (i.e., PLA) [15]. The average CT value of the
soft tissue region was 12.7 HU, which is consistent with
our result (12.1 HU). Because they did not reproduce the
bone region, they had a relatively large difference in CT
value around the bone region. The maximum difference
was more than 1000 HU. On the other hand, in our study,
the maximum difference was 734.8 HU. Based on this
result, our phantom had the potential for improving the
3D-printed patient-specific phantom-based QA.

In terms of reproduction accuracy, the DSC of the bone
region of our phantom was smaller than that of other struc-
tures because the liquid plaster may not have reached this
region because of its complex structure. Using more lig-
uid plaster may solve this issue; however, this may result in
smaller CT values because of the increased water content.
In future, we need to identify a reasonable ratio of plaster
powder to water for this phantom. In addition, as shown in
Fig. 3, there were anatomical differences around the nose
and paranasal sinus between the CT images of the patient
and phantom. The reason for this might be leaking of the
liquid plaster. The extremely thin wall around the cavity may
have caused the liquid plaster to leak, resulting in the differ-
ent anatomical shapes in some regions.

It is ideal to perform patient-specific QA for patients under-
going IMRT by comparing the TPS dose on the patient’s CT
image and the measured dose using the 3D-printed patient-
specific anthropomorphic head and neck phantom. Although
our results showed reasonable agreement between patient and
phantom in geometric and dosimetric accuracy, there were
residual errors in accuracy for CT number and geometric
reproducibility. To routinely use these 3D-printed phantoms
in the clinic, further improvement is needed. Our study had a
limitation in that we made only one 3-cm-thick phantom (i.e.,
not a whole phantom). Because of limited research funding,

we could not create a whole phantom using the 3D printer.
Although our phantom was only 3-cm thick, we believed that
we could test the feasibility of our 3D-printed phantom to a
certain extent. In the future, we will conduct a detailed evalua-
tion using 3D-printed whole phantoms with more patient data.

5 Conclusions

We developed a novel 3D-printed anthropomorphic head and
neck phantom that had CT values and dose distribution that
were considerably similar to those of patient data. Conse-
quently, this phantom could be used for patient-specific QA
for IMRT instead of a standard shape phantom.
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