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Abstract
Background: The production of individualized anthropomorphic phantoms via
three-dimensional (3D) printing methods offers promising possibilities to assess
and optimize radiation exposures for specifically relevant patient groups (i.e.,
overweighed or pregnant persons) that are not adequately represented by
standardized anthropomorphic phantoms. However, the equivalence of printed
phantoms must be demonstrated exemplarily with respect to the resulting image
contrasts and dose distributions.
Purpose: To reproduce a conventionally produced anthropomorphic phantom
of a female chest and breasts and to evaluate their equivalence with respect to
image contrasts and absorbed doses at the example of a computed tomography
(CT) examination of the chest.
Methods: In a first step, the effect of different print settings on the CT
values of printed samples was systematically investigated. Subsequently, a
transversal slice and breast add-ons of a conventionally produced female body
phantom were reproduced using a multi-material extrusion-based printer, con-
sidering six different types of tissues (muscle, lung, adipose, and glandular
breast tissue, as well as bone and cartilage). CT images of the printed and
conventionally produced phantom parts were evaluated with respect to their
geometric correspondence, image contrasts, and absorbed doses measured
using thermoluminescent dosimeters.
Results: CT values of printed objects are highly sensitive to the selected
print settings. The soft tissues of the conventionally produced phantom could
be reproduced with a good agreement. Minor differences in CT values were
observed for bone and lung tissue, whereas absorbed doses to the relevant
tissues were identical within the measurement uncertainties.
Conclusion: 3D-printed phantoms are with exception of minor contrast dif-
ferences equivalent to their conventionally manufactured counterparts. When
comparing the two production techniques, it is important to note that convention-
ally manufactured phantoms should not be considered as absolute benchmarks,
as they also only approximate the human body in terms of its absorption, and
attenuation of x-rays as well as its geometry.
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1 INTRODUCTION

Commercially fabricated anthropomorphic body phan-
toms are widely used in x-ray imaging to assess the
quality and contrast characteristics of acquired images
and to determine absorbed doses in different organs of
the body. However, the phantoms are available only in
standardized body sizes; thus, they are not appropriate
to realistically simulate examinations of underweight
and overweight individuals, pregnant women at different
stages of gestation, or children of different ages and
statures. Moreover, the acquisition costs of the phan-
toms are high. Therefore, a rapid and cost-effective
method to produce individualized anthropomorphic
body phantoms based on CT or MRI datasets of
actual patients or appropriate virtual 3D-models is
highly desirable to optimize diagnostic image quality
and measure absorbed doses. Owing to advances in
three-dimensional (3D) printing technologies in recent
years, this goal can now be achieved. However, this
approach still needs to be validated in detail using
concrete examples.

The material extrusion-based (MEX) additive
manufacturing method, often also referred to as
fused-deposition-modeling, is a common 3D-printing
technology suitable for the production of body phan-
toms, where a thermoplastic filament is extruded
through a heated print head into single layers of a
3D-object on a build plate. The technology permits the
use of comparatively low-budget printers and allows
the processing of a broad range of different materials.
With professional equipment, the simultaneous pro-
cessing of multiple materials to print different types
of tissues is possible.1,2 This printing method is com-
mon for the production of phantoms for x-ray imaging
and therapy.3–6 By reducing the density of the interior
area (infill density), printed objects can be used to
mimic the physical properties of different tissues.7–9

Despite the advantages mentioned, 3D-printing of body
phantoms is still at the experimental level. This in par-
ticular applies to the selection of print materials and
settings.

In a previous study, we investigated a broad range of
different commercially available MEX filaments in terms
of their attenuation and absorption characteristics for x-
ray spectra typically used for diagnostic imaging.10 As a
result,polylactide (PLA) was identified as the best equiv-
alent material to skeletal muscle, acrylonitrile butadiene
styrene (ABS) and nylon as best surrogates for adipose
tissue, and PLA samples printed with a line pattern with
an infill density of 40 % were equivalent to lung tissue.
Other materials, for example, polymethylmethacrylate
(PMMA) or polyethylene terephthalate glycol (PETG)
were characterized as similar to soft tissues, but show
slightly different attenuation behaviors than PLA. No
suitable material was found for cortical bone in this

study;however,stone-filled materials demonstrated sim-
ilar properties as bones with lower density (spongiosa).

Although various studies addressing patient-
specific printed phantoms have been published,5,11–14

only few studies have performed detailed compar-
isons to conventionally produced anthropomorphic
phantoms.1,2,15,16 In the latter studies,computed tomog-
raphy (CT) values (given in Hounsfield units [HU]) of
reference phantoms could be reproduced with sufficient
accuracy. However, the dosimetric characteristics of
printed phantoms were verified for radiation therapy
only,2 but not for x-rays in the energy range typically
used in diagnostic imaging.

After the characterization of the attenuation and
absorption properties of commercially available print
materials in our previous study, the present study aims
to reproduce a conventionally fabricated body phantom
of the chest and the breasts of a woman through
MEX printing and to compare image contrasts as well
as absorbed doses at the example of a typical chest
CT examination. Moreover, the effect of different print
settings (speed, pattern, and infill density) was also
systematically investigated.

2 MATERIALS AND METHODS

All prints were performed using an industrial MEX
printer (3ntr A2 V4;3ntr,Oleggio, Italy) permitting to print
three different materials in one step with three 0.6 mm
nozzles. The individual print settings were adjusted in
the slicing software (Cura 4.3.0; Ultimaker B.V., Gelder-
manser, Utrecht, Netherlands). CT data were acquired
at a multi-slice system with 16 detector rows (GE Bright
Speed; General Electrics, Boston, Massachusetts, USA)
and images were iteratively reconstructed using a
standard kernel.

2.1 Evaluation of print settings

Cubic samples with a size of 30 × 30 × 30 mm3 were
printed using PLA filaments (PLA; Filamentworld, Neu-
Ulm, Germany) in a line infill pattern with the following
settings:

1. Print bed temperature: 60◦C
2. Material printing temperature: 200◦C
3. Infill density: ten different values between 15% and

100%. These samples were printed without compact
outer sample boundaries.

4. Printing speed: four different values between 20 and
80 mm/s.

5. Heights of single print layers: 0.1 and 0.2 mm. Larger
heights decrease the printing time and the spatial
resolution perpendicular to the build plate.
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4736 VALIDATION OF 3D-PRINTED BODY PHANTOMS

TABLE 1 Parameter settings used to print six sets of PLA samples to systematically evaluate their effect on CT values.

Set Nr. Infill densities (%)
Printing speeds
(mm/s)

Layer height
(mm) Processing mode

Distance from the print bed center; x-,
y-direction (cm)

Set 1 15, 25, 35, 45, 55, 65, 75,
85, 95, 100

80 0.2 Simultaneous (−6.3, 6.3), (0, 6.3), (6.3, 6.3), (−6.3, 0),
(0, 0), (6.3, 0), (−6.3,−6.3), (0,−6.3),
(6.3,−6.3), (−6.3,−12.72), according
to the different infill densities

Set 2 15, 25, 35, 45, 55, 65, 75,
85, 95, 100

40 0.2 Simultaneous As above

Set 3 15, 35, 55, 75, 95, 100 40 0.2 Serial (0,0)

Set 4 100 20, 40, 60, 80 0.2 Serial (0,0)

Set 5 100 20, 40, 60, 80 0.1 Serial (0,0)

Set 6 100 60 0.2 Simultaneous (−12.7, 12.7), (−6.3, 6.3), (0, 0), (6.3,
−6.3), (12.7,−12.7)

F IGURE 1 Upper row: Cubic test samples of Set 3 (cf. Table 1) printed with infill densities of 15%, 35%, 55%, 75%, 95%, and 100%. Lower
row: CT images of the samples (window: width = 1300 HU, center = −350 HU). The slight artifacts are owing to the printing scheme. The
rectangular region in the first CT image shows the ROI used to estimate CT values and standard deviations.

6. Processing modes: Simultaneous printing mode (all
samples are printed in one run at different positions
on the build plate) or serial printing mode (samples
are printed in separate runs at the same position on
the build plate).

7. Position on the build plate: five different distances
from the center of the build plate arranged on a
diagonal line (top left to bottom right).

To systematically investigate the effect of the different
print settings at the CT value of printed objects, these
samples are organized in six sets, as summarized in
Table 1.By way of example,Figure 1 shows the samples
for Set 3 together with the corresponding CT images.

All 39 samples were separately imaged at the same
position of the CT system (axial scan mode; tube volt-
age, 120 kV; tube current, 200 mA; rotation time, 0.8 s;
slice thickness, 1.25 mm; field of view [FOV], 500 mm;
reconstructed voxel size, 0.7 × 0.7 × 1.25 mm3). The
samples were aligned with the air ducts of the infill

pattern parallel to the scan direction. CT values were
evaluated using the ImageJ software17 for identical
quadratic regions of interest (ROI) with a size of 25 ×

25 mm2 without inclusion of the boundary regions (cf.
Figure 1). The calculated mean values and standard
deviations are strongly affected by the infill density
and thus characterize the inhomogeneity of the print
samples.

2.2 Reproduction of conventional
anthropomorphic body phantom parts
through 3D-printing

A conventionally fabricated anthropomorphic body
phantom of a slim woman (height,173 cm;weight,55 kg)
consisting of axial slices with a thickness of 2.5 cm each
and separate breast add-ons (Atom Model 702; CIRS
Inc., Norfolk, USA) was used as the template for the
production of corresponding 3D-printed phantom parts
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VALIDATION OF 3D-PRINTED BODY PHANTOMS 4737

F IGURE 2 Major steps in the production of the 3D-printed axial phantom slice based on a CIRS atom female phantom. The relevant steps
(a–f) are described in the text.

(Figure 2a). Specifically, an axial slice in the middle of
the chest containing all relevant tissues (with exception
of subcutaneous fat) as well as the breast add-ons were
reproduced through 3D-printing.

To this end, the following steps were performed: First,
a whole-body CT scan of the conventional phantom
(helical scan mode; tube voltage, 120 kV; tube current,
50 mA; rotation time, 1.0 s; detector width, 10 mm; pitch;
1.375; FOV, 500 mm; reconstructed voxel size, 0.98 ×

0.98 × 0.63 mm3) was performed (Figure 2b). Second,
the different tissues in the considered slice, respec-
tively the breast add-ons were segmented according
to their different CT values from the acquired CT
dataset using the threshold function of the program
3D slicer18 (Figure 2c). Third, the segmented 3D vol-
umes (Figure 2e) were improved (e.g., smoothing of
surfaces),which was performed using a computer aided
design (CAD) software (Rhinoceros 5; Robert McNeel
& Associates, Seattle, Washington, USA). Additionally,
a simplified glandular structure in form of a parabolic
volume was constructed for one breast add-on in this
step. Thereafter, printing materials and the correspond-
ing print settings were assigned to the segmented tissue
volumes in the slicing software (Figure 2d), and the
actual printing step was performed (Figure 2f).

For the axial phantom slice, PLA was used to repro-
duce the muscle and lung tissue, in the latter case with a
reduced infill density and the line infill pattern.A granite-
PLA composite filament was chosen to represent a
mean bone composition (consisting of a mix of cortical
bone,spongiosa,and bone marrow),and PETG for carti-
lage tissue,because of its comparatively larger attenua-
tion than PLA.10 ABS was used to reproduce the adipose
tissue of the breast add-ons, whereas PMMA served
as the material for the glandular structure in one breast

add-on. The print settings for all mentioned materials
are summarized in Table 2 based on the results of
the pre-examinations described above. Therefore, the
used infill-density for the representation of the lung
tissue (30%) deviated to some extent from our previous
investigations on the tissue equivalence (40%).10

Pins with a diameter of 7 mm were separately printed
for all materials considered. In each of the pins, a bore
hole with a diameter of 2 mm and a depth of 7 mm
was drilled to accommodate rod shaped thermolumi-
nescence dosimeter (TLD). With these dimensions air
pockets around inserted TLDs were minimized, but nev-
ertheless allow comfortable insertion and removal of the
TLDs. The pins with the TLDs were inserted into holes
drilled in the printed phantom parts at the same location
as in the conventional phantom parts (cf. Figure 5). This
way, for dose measurements, four, ten, and seven TLDs
can be located inside the muscle tissue area, lungs, and
bones of the printed slice, respectively, whereas four
TLDs can be located in each printed breast add-on.

2.3 Evaluation of CT values and
absorbed doses

To investigate the image contrasts and absorbed doses
in the conventionally produced and the printed slice as
well as the breast add-ons, five phantom slices with
a thickness of 2.5 cm and the breast add-ons were
fixed together by an adhesive tape to minimize air gaps.
Axial CT images (tube voltage, 120 kV; tube current,
100 mA; rotation time, 0.8 s; slice thickness, 0.63 mm;
FOV, 500 mm; reconstructed voxel size, 0.7 × 0.7 ×

0.63 mm3) were acquired: once with the convention-
ally produced CIRS phantom parts and once with the
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4738 VALIDATION OF 3D-PRINTED BODY PHANTOMS

TABLE 2 MEX filaments and corresponding print settings used for 3D-printing of the considered body regions.

Material Substitute for Filament name

Printing
temperature
(◦C)

Heat bed
temperature
(◦C)

Print speed
(mm/s) Infill density (%)

Chest phantom slice

PLA Muscle and lung
tissue

PLA snow white1 200 60 60 95 for muscle tissue
and 30 for lung
tissue

Granite- PLA Bones Stonefil granite2 220 60 60 100

PETG Cartilage PETG natural3 230 110 80 100

Breast add-ons

ABS Adipose tissue ABS grey1 240 110 80 100

PMMA Glandular tissue PMMA transparent4 230 110 80 100

Manufacturer: 1) Filamentworld, 2) Formfutura, 3) Renkforce, and 4) Material4print.

F IGURE 3 Experimental setup for the chest CT scan of the
3D-printed phantom parts (printed slice in the middle). A similar scan
containing the conventionally manufactured phantom parts was
additionally performed.

printed parts (Figure 3). To ensure that scattered x-rays
are considered in the examination, the phantom parts to
be investigated were surrounded by two CIRS slices on
either side. For both phantom settings, CT values were
evaluated in selected ROIs and along line profiles.

Absorbed doses in the two phantoms were measured
with TLDs (LiF:Mg, Ti, TLD-100; Bicron-Harshaw, Cleve-
land, Ohio, USA). In total, 29 TLD rods were inserted in
each phantom and 10 TLD chips were attached ventral
and dorsal on the phantom surface to measure the skin
dose.To obtain a sufficient signal on the TLDs, the scans
were repeated four times each. The dose absorbed in
the different tissues was determined by the mean of the
relevant TLD readings.

Annealing and the read-out of the TLDs was
performed using a suitable oven (TLDO 1321; PTW-
Freiburg, Freiburg, Germany) and reader (Harshaw
TLD 5550; Thermo Fischer Scientific, Waltham,

Massachusetts, USA). Each TLD was calibrated by
irradiation with an industrial x-ray tube (Comet 320,
MXR-320/26AX; Comet, Flamatt, Switzerland) at a tube
voltage of 120 kV and a beam with first half -value layer
of 7.9 mm aluminum-equivalent, corresponding to the
filtration of the CT scanner. TLDs were calibrated (dose
in water) using a calibrated stem chamber (M23331;
PTW-Freiburg, Freiburg, Germany). Based on repetition
measurements, the uncertainty of TLD measurements
was estimated with 4%.19

3 RESULTS

3.1 Evaluation of print settings

Exemplarily for Set 3, CT images of the samples are
presented in Figure 1 demonstrating the concept of
reducing CT values by lowering the infill densities. The
visible diagonal lines are owing to the printing scheme,
which starts with the innermost diagonal line that has
therefore less adhesion to the neighbor line printed as
the last in the respective layer. The actual CT values
evaluated for identical ROIs placed over the different
sets of printed cubes are plotted versus the infill den-
sity, printing speed, and position on the build plate in
Figures 4a–c.

Figure 4a shows that CT values increase linearly
with increasing infill densities, whereas the standard
deviations are higher for lower infill densities, owing
to the less homogeneous material distribution. How-
ever, the printing speed (Set 2) and mode (Set 3)
affect the linear relationship between CT and infill
densities slightly by increasing the CT values for higher
infill densities. Figure 4b demonstrates that CT values
decrease linearly with increasing print speed. This
effect is markedly higher for larger (Set 4) than for
smaller (Set 5) layer heights. The standard devia-
tion for CT values was markedly higher for the faster
print speeds, indicating a lower printing accuracy
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VALIDATION OF 3D-PRINTED BODY PHANTOMS 4739

F IGURE 4 CT values measured in printed sample cubes in dependence on (a) the infill density for different printing speeds and modes, (b)
the printing speed for two different layer heights, and (c) the diagonal distance on the build plate from its center. Lines indicate the results of
linear regression analyses for which the parameters and their corresponding standard errors are given in the legends; error bars indicate the
standard deviation of CT values within the selected ROIs.

with less homogeneous material distribution in the
samples.

Figure 4c shows that CT values vary substantially for
samples printed at different positions of the build plate
indicating issues with the build plate leveling of the used
printer.

3.2 Comparison of 3D-printed and
conventionally produced phantom parts

The phantom slice was 3D-printed with 864 g of PLA,
80 g of granite-PLA composite, and 11 g of PETG in
43 h; the breast add-ons were printed with 205 g of
ABS, respectively 160 g of ABS and 38 g of PMMA
each in approximately 15 h. The print settings used are
summarized in Table 2. The total costs of the mate-
rials were 39€; however, the corresponding machine
price and working hours are additional costs not consid-
ered in this calculation. The simultaneous processing of
the different filament materials was conducted without
problems and the different materials exhibited a good
adhesion in the finished prints.

The printed phantom slice of the chest and the breast
add-ons, as well as the corresponding parts of the
conventional phantom are shown in Figure 5.

The circumference of the printed phantom slice was
5 mm longer than that of the conventional phantom

F IGURE 5 Conventionally produced (left) and printed (right)
phantom slices and breast add-ons (the printed add-on on the right
side contains the glandular structure). For the printed phantom slice,
there is no individual color coding for the lung tissue, and the infill
pattern is not directly visible because the phantom slice is sealed
with a thin layer of fully printed material. The positions for insertion of
TLDs are marked with colored circles (red = bones, blue = lungs,
green = muscle, yellow = breasts).

slice, but their height was equal. This is because of the
less smooth body surface of the printed phantom slice
reasoned in the segmentation process. In contrast, the
circumferences at the chest wall and the height of the
printed breast add-ons were 10 and 3 mm smaller com-
pared to those of the conventionally produced breast
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4740 VALIDATION OF 3D-PRINTED BODY PHANTOMS

F IGURE 6 Upper row: CT images of the conventionally produced (left) and printed (middle) phantom slices as well as the difference image
(right) (width: 1100 HU, center: 100 HU). Lower row: CT value profiles determined from the images of both phantom slices along the two
directions indicated in the left CT image.

add-ons, respectively. This could be attributed to the
shrinking of the ABS material during printing. Slightly
undulating structures on the surface of the printed
breasts are also present in the digital data; thus, they
are not ascribable to the printing process.

CT images of the conventionally fabricated and
3D-printed phantom slices as well as a depiction of
the difference of both images are shown in Figure 6.
Both phantom slices match geometrically very well.
This applies to the outer and inner shape as well as to
the location of inner structures. Minor differences are
visible at the lung boundaries,which are produced in the
3D-printed phantom with an infill density of 100% to sta-
bilize the inner lung structure printed with an infill density
of 30%. However, these differences are less than 1 mm
and thus negligible. The volume of the printed breast
add-ons appears to be smaller than that of the conven-
tionally produced ones, which confirms the geometrical
deviations. Some differences in the breast structure
are explainable by additional bore holes and a plastic
screw that were in the conventionally produced but
not in the 3D-printed add-ons. The simplified glandular
structure in one of the printed breast add-ons is clearly
distinguishable from the adipose tissue, and it is char-

acterized by a smooth transition between the different
materials.

CT value profiles along a vertical and horizontal line
through the conventional and printed phantom slices
are shown in the lower row of Figure 6. The horizontal
profile 1 passes through the muscle tissue, lung tissue,
spine, and a rib; the vertical profile 2 passes through
the breast, costal cartilage, lung, and muscle tissue. In
general, both profiles confirm the good consistency of
the inner geometries. For the printed lung, a charac-
teristically structure in form of jags with a high spatial
frequency is recognizable in both profiles, represent-
ing the lines of the printed infill pattern (Figure 1). The
second profile shows an airgap (red peak downwards)
between the printed breast add-on and the printed phan-
tom slice. Owing to the uneven surface of the printed
phantom, the printed breast could not be placed as
evenly in the phantom’s torso as on the conventional
phantom.

The mean CT values determined for the different
types of tissue for both the conventional and the 3D-
printed phantom are summarized in Table 3.Additionally,
typical ranges of CT values for the relevant tissues as
measured in real humans are given. Although the CT
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VALIDATION OF 3D-PRINTED BODY PHANTOMS 4741

TABLE 3 CT values (mean ± standard deviation in HU) for the considered tissues in the conventionally produced and 3D-printed phantom
slices as well as typical ranges observed in humans.

Tissue Conventional phantom 3D-printed phantom Humans

Bones 860 ± 40 700 ± 50 300 to 120020

Cartilage 110 ± 15 170 ± 20 120 to 26021

Muscle tissue 20 ± 20 30 ± 25 20 to 4022

Lung tissue −780 ± 10 −690 ± 80 −500 to −90020

Adipose tissue (breast) −40 ± 10 −30 ± 10 −95 to −5020

Glandular tissue (breast) – 95 ± 15 −37 to 4523

F IGURE 7 Absorbed doses, D, for a single scan measured with
TLDs inside different tissues and at the skin, respectively the surface,
of the conventionally produced (dark bars) and the printed (light
bars) phantom slices of the chest. Error bars indicate the
uncertainties of TLD measurements estimated at 4%.

values for the muscle and adipose breast tissue are
similar in both phantoms, minor differences are visible
for cartilage, where CT values are 60 HU higher in the
printed phantom. Larger differences exist for the bones
and lungs. For bones, the CT values are 160 HU lower
in the printed phantom slice, this reflects the fact that
no proper bone substitute material for 3D-printing has
yet been identified. For the lungs, the mean CT values
are 110 HU and the standard deviation 70 HU larger in
the printed phantom slice. The higher standard devia-
tion is owing to the printing pattern with reduced infill
density (cf. Figure 1). Overall, the determined CT values
measured are consistent with the ranges of CT values
observed in humans, with exclusion of glandular tissue,
which was slightly larger (50 HU) in the printed breast
add-on.

Absorbed doses inside different tissues and at
the skin of the conventionally produced and the
printed phantom slices are presented in Figure 7.
The dose to the homogeneously printed breast add-on
(13.3 ± 0.5 mGy) was not considerably different from
the dose to the add-on containing a simplified glan-
dular structure printed with PMMA (13.8 ± 0.6 mGy).
Therefore, only the mean dose of both breast add-ons

is shown in Figure 7, where it is compared to the dose
to the conventionally produced ones. Considering the
uncertainties owing to the TLD measurements, the dose
to both phantoms is equivalent for all considered types
of tissue.

4 DISCUSSION

There is a need for fast and cheap production of indi-
vidualized body phantoms suitable to determine image
contrasts and absorbed doses for special examination
scenarios in x-ray imaging, such as CT examinations of
obese and pregnant patients who are not adequately
approximated by conventionally produced anthropomor-
phic phantoms of reference persons. The production
of phantoms using 3D-printing methods is a promising
approach for this issue. To confirm this on a quan-
titative basis, we evaluated whether 3D-printed body
phantoms are equivalent to their conventionally man-
ufactured counterparts not only with respect to the
transmission, but also the absorption of x-rays at the
example of a typical CT examination of the chest region
of a female.

The evaluation of a test series of printed material
samples reveals that print settings (i.e., the print speed,
infill density, height of layers, and location on the build
plate) can systematically affect the relevant physical
properties of the printed objects. This confirms previ-
ous findings concerning the infill density and pattern and
provides additional insights on the effects of other rel-
evant print settings. Because they depend on the type
of printer used, it is strongly recommended to evalu-
ate and minimize their effects at least before starting
the production of phantoms. For example, the printer
used in this study is characterized by a comparably
large print bed, which complicates the exact calibra-
tion over the entire print region and explains the larger
deviations between samples printed at different loca-
tions.Besides printing settings, the orientation of printed
samples in the CT scanner is also relevant for the quan-
tification of CT values in case of infill patterns that
are not isotropic as already shown for the used line
pattern in our previous paper.10 For the phantom slice
printed in the present study, the orientation was the
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same as in the cubic samples, which makes the results
transferable.

ABS was used to approximate the breast tissue,which
was found to be a good equivalent for adipose tissue.10

However, this material shrinks during cooling after the
print.24 A general solution for this problem would be to
increase the volume of the 3D-object in the slicing soft-
ware by a specific shrinking factor. This factor needs
to be individually determined in a test print by com-
paring the deviation of the dimensions of the printed
sample from its 3D-model.Although this behavior poses
no problem when printing a simplified glandular struc-
ture with PMMA inside the ABS structure, the effect on
the printing of realistic glandular structures or subcu-
taneous fat structures should be studied. Alternatively,
there are other print materials similar to adipose tissue
that might be less affected by this problem (i.e., nylon or
high-impact polystyrene).10 However, the material char-
acteristics and printing behaviors should be considered
to ensure a good adhesion between different thermo-
plastic materials in the MEX process.For the purpose of
this study, the shrinking of ABS in printed subcutaneous
fat structures was not investigated further, as the con-
ventionally produced phantom that served as a template
for the 3D-printed phantom parts does not differentiate
between muscle and adipose tissue.

Although the CT values for muscle and adipose breast
tissue were almost identical in the printed and the con-
ventionally produced phantom, larger deviations were
observed for lung tissue and bones (cf. Table 3). How-
ever, it should be considered that CT values of lungs and
bones considerably differ intra- and inter-individually,
depending on, for example, the age and sex.25

The CT value of printed lung tissue can be easily
adjusted by changing the infill density. In contrast, the
markedly lower CT values of printed bones result pri-
marily from the different atomic composition of the used
thermoplastic material printed with an infill density of
100%, which cannot be increased by the printing set-
tings themselves but only by the addition of a material
containing elements with higher atomic numbers during
the printing step.26

However, neither the conventional nor the 3D-printed
phantom separates between cortical bone, cancellous
bone,and bone marrow,even if there may be differences
of up to 1000 HU in the CT values between these sub-
structures. Both phantoms contain in their skeleton a
mean bone composition, which is a sufficient approx-
imation for most purposes. Separate printing of each
substructure is hampered by the lack of appropriate
thermoplastic filaments and the number of materials
that can be processed in a single print session.

Because mass densities have per definition no direct
impact on the absorbed dose, the dose to the printed
tissue-equivalent anatomical structures of the conven-
tionally produced and 3D-printed phantom parts is
consistent.

The limitations of this study are as follows:
First, a conventionally produced phantom of a female

was reproduced through 3D-printing. However, conven-
tionally produced phantoms cannot be regarded as
absolute benchmarks, as they only approximate the
human body in terms of its absorption and attenuation
of x-rays. To overcome this limitation, image datasets of
real persons should be used in further studies as tem-
plates for both 3D-printing and Monte-Carlo simulations,
which would allow a realistic evaluation of printed body
phantoms. This is part of an ongoing study.

In this context, it has to be referred to various concepts
to print more realistic phantoms with the MEX technol-
ogy published most recently. For example, by mixing two
different filament materials with well-defined fractions
during the printing step, realistic glandular structures or
bone compositions can be produced.26–28 In addition,
more realistic lungs can be printed by selective adjust-
ment of infill densities for individual lung regions.29,30

Especially when it comes to patient-specific phantoms,
these or similar concepts should be considered to obtain
more realistic image contrasts.

Second, although the printer used in this study can
process three materials in a single print session, it is not
sufficient to print complex fine structures simultaneously
using additional materials, such as realistic bone struc-
tures. To overcome this problem, the infill density can be
adapted to imitate different tissues using the same ther-
moplastic material,5,29 or different body regions can be
produced separately as has been done in the present
study in case of the breast add-ons. Alternatively, MEX
printers with more print heads are available; however,
they are more cost intensive.

5 CONCLUSION

As demonstrated by a representative example, printed
body phantoms can reproduce conventionally fabricated
anthropomorphic phantoms with respect to attenuation
and absorption of x-rays. An indispensable prerequisite
is,however, that the print settings are carefully optimized.
The reliability of cost-effective in-house 3D-printing of
patient- or task-specific phantoms needs to be further
evaluated in more detail compared to results obtained
by Monte Carlo simulations.
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