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Abstract

Objectives To develop and evaluate methods for assembling radiopaque printed paper sheets to realistic patient phantoms for CT
dose and image quality testing.

Methods CT images of two patients were radiopaque printed with aqueous potassium iodide solution (0.6 g/ml) on paper. Two
methods were developed for assembling the paper sheets to head and neck phantoms. (1) Printed sheets were fed to a paper-based
3D printer along with corresponding 3D printable STL files. (2) Paper stacks of 5-mm thickness were glued with toner, cut to the
patient shape and assembled to a phantom. In a sample application study, both phantoms were examined with five different tube
current settings. Images were reconstructed using filtered-back projection (FBP) and iterative reconstruction (AIDR 3D) with
three strength levels. Dose length product (DLP), signal-to-noise ratios (SNR) and contrast-to-noise ratios (CNRs) were analysed.
Data were analysed using 2-way analysis of variance (ANOVA).

Results Both methods achieved anthropomorphic phantoms with detailed patient anatomy. The 3D printer yielded a precise
reproduction of the external patient shape, but caused visible glue artefacts. Gluing with toner avoided these artefacts and yielded
more flexibility with regard to phantom size. In the sample application study, non-inferior SNR and CNR and up to 83.7% lower
DLP were achieved on the phantoms with AIDR 3D compared with FBP.

Conclusions Two methods for assembling radiopaque printed paper sheets to phantoms of individual patients are presented. The
sample application demonstrates potential for simulation of patient imaging and systematic CT dose and image quality assessment.
Key Points

* Two methods were developed to create realistic CT phantoms of individual patients from radiopaque printed paper sheets.

* Analysis of five tube current and four reconstruction settings on two radiopaque 3D printed patient phantoms yielded non-
inferior SNR and CNR and up to 83.7% lower dose with iterative reconstruction in comparison with filtered back projection.

* Radiopaque 3D printed phantoms can simulate patients and allow systematic analysis of CT dose and image quality
parameters.
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Introduction

Investigation of dose-reduction techniques can be challenging
on geometrically simple, uniform phantoms and require an
environment more representative of the clinical imaging situ-
ation [1, 2]. For example, tube current and voltage settings are
frequently investigated in clinical trials on patient populations
[3-5]. However, study designs involving patients are subject
to poor standardization, limited availability of study partici-
pants and the impossibility of repeated exposure of individual
subjects for systematic investigations. All of these challenges
could be addressed by realistic patient phantoms.

Radiopaque 3D printing (R3P) was recently introduced and
has the potential to provide such phantoms. Phantoms are
generated by directly printing patient CT images with radi-
opaque ink on paper and stacking the printed sheets [6]. R3P
avoids segmentation-related loss of information between the
CT data set and the phantom, allows adjustment of attenuation
for all tissues through printer deposition and uses low-cost
materials and equipment. Feasibility for creating patient indi-
vidual CT phantoms has been demonstrated, and recently
Ikejimba et al used this method to create a highly realistic
phantom for breast imaging [7].

The previously published R3P methods were confined to
stacking loose radiopaque printed paper sheets, but did not
generate mechanically stable phantoms with realistic external
shapes. Further development should therefore aim at cutting
and gluing the printed papers to generate stable phantoms with
the shape of the patient. Two different approaches were con-
sidered to achieve these goals: (1) a paper-based 3D printer
and (2) a customized laminated object manufacturing (LOM)
procedure, where adhesive-coated layers are cut and glued
together to generate 3D objects [8]. The aim of this study
was to develop and evaluate these methods for assembling
radiopaque printed paper sheets to realistic patient phantoms
for CT dose and image quality testing.

Materials and methods
Study design

The institutional review board approved the study and written
informed consent was obtained from the patients. CT angiog-
raphy images of two patients were radiopaque printed with
aqueous potassium iodide solution (0.6 g/ml) on 80 g/m* pa-
per as recently described [6], resulting in stacks of 2,164
printed sheets for Phantom 1 and 2,295 printed sheets for
Phantom 2. Two methods were developed for assembling
the printed sheets to head and neck phantoms using (1) a
paper-based 3D printer and (2) a customized LOM method.
Head and neck phantoms were selected to fit the build size of
the paper-based 3D printer.

Phantom 1 - Mcor Iris 3D printer

The Mcor Iris 3D printer (Mcor Technologies, retail price
35,000 euros) automatically stacks, cuts and glues standard
office paper in three steps: (1) A paper sheet is pulled from
the paper tray on the build platform and heat compressed
against the layer underneath. (2) The paper is cut with a blade.
(3) Glue is deposited in lines on the paper in preparation for
the next layer. The CT images were processed to a printable
3D model adapted to the requirements of the Mcor Iris using
Mimics Innovation Suite (Materialise), a Python script and
OpenSCAD. A 3D model consisting of the external patient
contour was generated from the CT images and exported as
an STL file. The model was centred to the point of origin,
cropped in the x and y dimension to fit the 3D printer's build
size and divided into four subparts. The radiopaque printed
paper sheets were loaded into the paper tray of the Mcor Iris.
The STL files of all four model subparts were subsequently
imported to the 3D printer's SlicelT software and printed. The
final 3D model was assembled by applying a thin layer of glue
on top of each subpart and compressing the subparts for 24 h

(Fig. 1).

Phantom 2 - customized laminated object
manufacturing

A customized LOM procedure was developed, consisting of
(1) heat gluing small paper stacks with toner to stable subparts,
(2) cutting every subpart to the patient shape and (3) assem-
bling the subparts to the final phantom. First black laser toner
was printed on the blank side of the radiopaque printed paper
sheets using a full black rectangular print template and a Xerox
Phaser 7100 laser printer (Xerox Corporation). Stacks of 50
paper sheets per stack were heat pressed at 115°C and 4 bar for
15 min per stack (temperature, pressure and time were set on
the heat press). As a result, the paper sheets of every stack
were glued together, yielding stable subparts of 5-mm thick-
ness. Next, the external patient contour was generated with the
OpenCV library in Python for every subpart using threshold
values and the maximum dimensions of the corresponding CT
images. The contour files were used for laser cutting the cor-
responding subparts to the external patient contour. Finally,
the subparts were stacked, compressed at 7.7 bar with a hy-
draulic press (pressure measured by the press) and heated at
115°C for 72 h in a preheated oven (temperature and time set
on the oven). After cooling to room temperature, remaining
waste paper material was removed to unwrap the final phan-
tom (Fig. 2).

CT dose and image quality

Both phantoms were examined on a Canon Aquilion Prime
CT scanner (Canon Medical Systems). The tube potential was
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Fig. 1 Phantom manufacturing
with the paper-based 3D printer.
Paper sheets were pulled from a
paper tray, glued to the layer
underneath, cut to the patient
shape and coated with glue
arranged in lines in preparation
for the next layer (a). Four
subparts were created (b) and
assembled to the final phantom

(©

120 kVp. The tube current was set to fixed 10 mA and auto-
mated tube current modulation (ATCM) with SD values of
7.5, 10, 14 and 18. Filtered-back projection (FBP) and adap-
tive iterative dose reduction 3D (AIDR 3D) with three differ-
ent strength settings (mild, standard and strong) were used for
image reconstruction. The dose length product (DLP) was
registered. ROIs were placed in six consecutive slices in the
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left and right common carotid artery (CCA), adipose tissue
and in the display field of view (dFOV) outside the phantoms
for background noise. Signal-to-noise ratios (SNRs) were cal-
culated by dividing mean CCA ROI HU by the standard de-
viation of the background noise. Contrast-to-noise ratios were
calculated by dividing the difference between CCA and adi-
pose HU by the standard deviation of the background noise.
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Fig. 2 Phantom manufacturing with the customized laminated object
manufacturing procedure. Toner-coated paper sheets were stacked and
glued to 5-mm thick subparts (a). The subparts were cut to the patient
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shape (b), stacked (¢) and glued together (d). Overhanging waste paper
was removed (e) to unwrap the final phantom (f)
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Statistical analysis

SNR and CNR values between all methods were compared
using 2-way analysis of variance (ANOVA) of tube current
and reconstruction method. Differences were interpreted as
significant when p < 0.05.

Results
Phantom 1 - Mcor Iris 3D printer

The phantom assembled with the Mcor Iris 3D printer is
shown in Fig. 3. The printer allowed automatic paper process-
ing and precise 3D printing (machine axis resolution as spec-
ified by the manufacturer 12 x 12 x 100 um? for x, y and z).
Manual work was limited to loading the paper tray, which
could hold up to 1,500 paper sheets. The build volume dimen-
sions of the 3D printer were limited to 256 x 169 x 150 mm?
(x, y and z). As a consequence, the right phantom ear had to be
cropped and the phantom was divided into subparts. There
were offsets < 1 mm between the stacked paper sheets. The
glue lines deposited by the printer on every paper sheet were
visible in the CT images of the phantom.

Fig. 3 Phantom 1 manufactured with the paper-based 3D printer
(acquisition with automated tube current modulation (ATCM), SD 7.5
and adaptive iterative dose reduction 3D (AIDR) 3D mild). Every paper
sheet was cut to the patient shape. The papers were glued together with
glue arranged in lines, which caused imaging artefacts, visible as
numerous parallel vertical lines

Fig. 4 Phantom 2 manufactured with the customized laminated object
manufacturing procedure (acquisition with automated tube current
modulation (ATCM), SD 7.5 and adaptive iterative dose reduction 3D
(AIDR) 3D mild). Toner-coated paper sheets were glued to 5-mm thick
subparts. The subparts were cut to the patient shape, stacked and glued
together. Image quality was not impaired by glue artefacts

Phantom 2 - customized laminated object
manufacturing

Figure 4 shows the phantom manufactured using the
LOM procedure. In total, 15 toner cartridges were used,
and toner costs added up to approximately 600 euros. The
level of detail of the phantom shape was determined by
the thickness of the subparts. Five-mm thickness, corre-
sponding to 50 paper sheets, allowed a reasonable com-
promise between phantom shape resolution and the num-
ber of subparts that had to be cut to the patient shape. The
CT images of the phantom showed small overhanging
blank paper areas outside the radiopaque printed patient
body. These were due to the export of the maximum pa-
tient contour of the corresponding CT images, which
allowed avoiding cutting of radiopaque printed areas.
Standard A4 paper provided enough space for printing
and assembling the entire phantom at the original size of
the patient. Offsets < 2 mm between some subparts were
caused by imprecise stacking of the subparts. There were
no visible imaging artefacts attributable to the gluing of
the papers, as the papers were homogeneously coated with
the toner, which served as glue.
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Fig.5 Exemplary sequence of image acquisitions performed on Phantom
2. Top left: 10 mA, filtered back projection (FBP). Top right: Automated
tube current modulation (ATCM) Standard, FBP. Bottom left: ATCM
Standard, adaptive iterative dose reduction 3D (AIDR) Standard.
Bottom right: ATCM High Quality, AIDR Strong

CT dose and image quality

Figure 5 shows an exemplary series of acquisitions performed
with Phantom 2. SNR values of both phantoms are displayed
in Fig. 6. Increasing tube current and associated DLP values
resulted in significantly higher SNR and CNR values (p <
0.0001). SNR and CNR values were significantly higher for
AIDR 3D than for FBP and increased with increasing AIDR
3D strength setting (p < 0.0001). The maximum dose reduc-
tion potential with non-inferior SNR and CNR was 82.5% for
Phantom 1 and 83.7% for Phantom 2 (FBP, ATCM High
Quality vs. AIDR 3D Strong, ATCM Low Dose). Compared
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120- 10mA  SD18 sD14 sD10 SD7.5
% AIDR Strong
1004 # AIDR Standard
# AIDR Strong
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801 # AIDR Strong ¢ AIDR Standard
# AIDR Standard
-  AIDR Mild
§ 60 AIDR Strong *FBP
» «+ AIDR Strong # AIDR Mild
# AIDR Standard
o AIDR Standard
a0 # AIDR Mild *FBP
 AIDR Mild o
*FBP
201
*FBP
0 20 40 60 80 100 120 140 160 180 200
DLP (mGy-cm)

with AIDR 3D Standard, the dose reduction potential de-
creased to 64% for Phantom 1 and 65.8% for Phantom 2
(FBP, ATCM High Quality vs. AIDR 3D Standard, ATCM
Standard).

Discussion

Two methods were developed to create realistic CT phantoms
of individual patients from radiopaque printed paper sheets.
The first method used a paper-based Mcor 3D printer. The
second method used toner from a laser printer for gluing the
printed sheets. A sample application study on these phantoms
demonstrated potential of up to 83.7% dose reduction and
non-inferior SNR and CNR with AIDR 3D vs. FBP on a
Canon Aquilion Prime CT scanner.

The Mcor 3D printer provided a fully developed system
that could automatically perform all steps for assembling pa-
per sheets to a 3D object. However, the build size was below
A4 paper size and artefacts were caused by the glue lines
deposited on every paper sheet. Lowering the printer’s glue
deposition or using a different glue with lower attenuation
may reduce these artefacts, but also impair phantom stability
or cause printer malfunction (effects not investigated in this
study). To overcome these limitations, a second method was
developed that (1) offered more flexibility of paper size, (2)
avoided artefacts related to gluing the papers, and (3) did not
require use of a 3D printer. This method made use of a heated
toner to glue layers together, a technique that was previously
used in commercial LOM machines to glue paper sheets [8].
For the purposes of this work, a standard office laser printer
was sufficient to coat the sheets with toner and glue the papers
without impairing the image quality through visible glue arte-
facts. The authors therefore favoured Phantom 2
manufactured with the LOM method. Larger phantoms may
be achieved in the future by connecting parts manufactured

Phantom 2
Fixed ATCM ATCM ATCM ATCM
120- 10mA SD18 SD14 SD10 SD7.5
100 @ AIDR Strong
# AIDR Standard
801 @ AIDR Strong
# AIDR Strong # AIDR Mild
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Z 60 # AIDR Standard
7] # AIDR Strong o
« AIDR Strong # AIDR Mild g
# AIDR Standard
|  AIDR Standard
b ® AIDR Mild
# AIDR Mild ¢FBP
*FBP
201 *FBP
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Fig.6 SNR values for Phantom 1 (left) and Phantom 2 (right). Mean + SD values of 12 measurements in the left and right common carotid artery (CCA)
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with either method to a larger phantom or using larger paper
sizes, which is only applicable to the LOM method.

Previous work used UV-curable polymer, material extru-
sion, selective laser sintering and powder-based 3D printers
to create CT phantoms [9—-13]. However, with commercial
3D printers modifications of the printing processes and build
material attenuation properties are restricted [13]. Data seg-
mentation is necessary and causes loss of information between
the template CT data set and the phantom [14]. In contrast to
these previous approaches, radiopaque 3D printing controls
phantom attenuation in a first 2D printing step and assembles
the printed sheets to a phantom in a second 3D stacking step.
Accuracy of radiopaque 2D printing for simulation of low and
high attenuating tissues was previously demonstrated [6, 7].
The present work complements the method and provides two
approaches for assembling the printed sheets to patient phan-
toms. To the authors' knowledge, there are currently no other
phantoms replicating patients at a comparable level of detail.

The phantoms developed in this work provided a realistic
simulation of clinical head and neck imaging and allowed
systematic investigation of dose and imaging parameters.
This is of particular relevance because phantom shape, size,
texture and heterogeneity can influence physical image prop-
erties (e.g. noise and resolution) and task-based CT system
performance evaluation [1, 2, 10]. Evaluation of clinical CT
imaging and dose reduction techniques should therefore be
performed in a realistic clinical context rather than on simpli-
fied phantoms [15]. The 83.7% dose reduction potential of
AIDR 3D with non-inferior SNR and CNR observed in this
study on two patient phantoms was slightly above the findings
of > 70% in a previous patient trial on the same CT system
[16]. However, the authors of this previous study did not pro-
vide the strength setting that was used. Compared with the
standard AIDR 3D strength setting, the dose reduction ob-
served in the present study decreased to 65.8%.

The limitations of this study are that only one phantom was
investigated per method and reproducibility was not demon-
strated. While the sample application study showed potential
for dose reduction, the results were not directly compared with
clinical results assessed on patients. Also, the results could not
be directly compared between the two phantoms, as two dif-
ferent patients were selected as template for phantom
manufacturing.

Two methods are presented to create phantoms of individ-
ual patients from radiopaque printed paper sheets. The first
method used a paper-based 3D printer and allowed automatic
processing. The second method used a customized LOM ap-
proach and avoided glue-related image artefacts. The sample
application study demonstrated dose reduction potential on
these phantoms within the range of clinical observations.
Radiopaque 3D printed phantoms can simulate patients and
allow systematic investigation of dose and image quality in
computed tomography.
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