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Abstract. The purpose of our study is to develop and evaluate a method for radiopaque 3-D printing (R3P) of
soft tissue computed tomography (CT) phantoms with office laser printers. Five laser printers from different ven-
dors are tested for toner CT attenuation. A liver phantom is created by printing CT images of a patient liver on
office paper. One thousand eight hundred sixty paper sheets are printed with three repeated prints per page,
resulting in a stack of 18.6 cm. The phantom is examined with 12 tube current settings. Images are reconstructed
using filtered back projection (FBP) and iterative reconstruction [adaptive iterative dose reduction 3D (AIDR 3D)].
Seven radiologists rated image quality of all acquisitions. Toner attenuation of all investigated printers increased
linearly with the print template grayscale. The liver phantom reproduced anatomic detail and attenuation
values of the patient (mean + SD HU difference 12.68 + 7.74). Image quality scores increased with dose
but did not vary significantly above a threshold dose for AIDR 3D. Overall, AIDR 3D reconstructed images
are rated superior to FBP reconstructions (p < 0.001). In conclusion, R3P with standard office laser printers
can generate soft tissue CT phantoms without hardware manipulations but with limited flexibility regarding
attenuation properties of the printed toner material. © 2019 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10

.1117/1.JM1.6.2.021602]
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1 Introduction

Computed tomography (CT) protocol optimization is a key
factor in reducing radiation dose with regard to increasing
population exposure from CT examinations." Despite efforts
to establish diagnostic reference levels,? there is substantial
variability of protocol-related dose exposure across and within
institutions.” This is in large part due to challenges in reviewing
and implementing revised protocols at the level of individual
facilities.

CT protocols can be revised in the context of supervised
programs*® or by individual facilities in the clinical routine
on patients. Associated limitations are that patients do not
allow repeated acquisitions and may be put at risk by unneces-
sary dose exposure or insufficient diagnostic image quality,
when protocols are modified in the clinical workflow. It
would therefore be desirable to have a realistic phantom test
setup that provides clinical images and allows systematic CT
testing.

Radiopaque 3-D printing (R3P) was recently demonstrated
to generate realistic phantoms of individual patients for such
purposes.®’ Patient CT images are printed on paper with inkjet
technology and ink containing potassium iodide solutions.
Stacking of the printed papers results in three-dimensional
(3-D) objects with similar CT attenuation properties as the
patient. While the method allows to generate phantoms that
provide realistic clinical images, it requires manipulation of
the inkjet printing equipment and may not easily be established
in facilities with limited time and capacities to set up a R3P
laboratory.

*Address all correspondence to Paul Jahnke, E-mail: paul.jahnke @ charite.de
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In contrast to inkjet printers, laser printers deposit solid toner
particles and not inkjet solutions on paper. Laser printer toner
may thereby achieve stronger CT attenuation than printer ink
in its unmodified state. For example, iron oxide containing
toner was previously used to generate geometric x-ray phantoms
by superimposing laser printed sheets.® The hypothesis of this
work was that repeated prints with laser toner result in sufficient
CT contrast to generate soft tissue CT phantoms with patient
equivalent Hounsfield units (HU) that can be used for dose
and image quality analysis. Ideally, such a method would
make use of standard office laser printers without any modifi-
cation and thereby be easily accessible in most CT facilities.
The aim of this study was therefore to develop and evaluate
such a method for R3P of soft tissue CT phantoms with office
laser printers.

2 Methods
2.1 Study Design

The institutional ethics committee approved the study and
waived informed consent. In the first step, five office laser print-
ers were investigated for toner CT attenuation. Based on these
results, a full-size liver phantom was printed from a patient
dataset. In the second step, the phantom was scanned with
24 different dose and reconstruction settings, and image quality
was rated by seven radiologists. A Canon Aquilion Prime CT
scanner (Canon Medical Systems, Otawara, Japan) was used
for model analysis.
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Table 1 Toner ingredients of the investigated laser printers from five different vendors.

Concentration (%)

Ingredients HP P3005X Kyocera M 3540idn Ricoh Pro 8100S Samsung ML-2525W Xerox Phaser 4600
Polymer resin <55 40 to 50 >80 >88 75 to 85
Carbon black — — <15 <4 1t06

Iron oxide <50 35 to 45 — — —

Wax — 1to5 <10 <3 1t05

Silica <3 <2 1to 10 <2 1t03

Titan oxide — <1 0.1to 1 — 1t03

2.2 Printer Comparison

Toner attenuation properties of five different laser printers
were investigated: HP P3005X (Hewlett Packard, Palo Alto,
California), Kyocera M 3540idn (Kyocera Corporation, Kyoto,
Japan), Ricoh Pro 8100S (Ricoh Company, Tokyo, Japan),
Samsung ML-2525W (Samsung Electronics, Suwon, South
Korea), and Xerox Phaser 4600 (Xerox Corporation, Norwalk,
Connecticut). Table 1 provides a summary of the toner compo-
sitions as provided by the manufacturers. A print template was
designed, consisting of 20 squares (4 cm? per square) with gray-
scales ranging from 0% (white) to 100% (black). The template
was printed on 100 sheets of standard office paper (A4 size,
80 g/m?) with every printer. The resulting stacks were com-
pressed between two flat plates held together with four threaded
polyamide rods of 1-cm diameter and scanned with the paper
sheets aligned parallel to the x — y plane (tube voltage 120 kV,
tube current 400 mA, and reconstructed slice thickness 0.5 mm).
Regions of interest (ROIs) of 3.2 cm? were placed in all gray-
scale squares and analyzed in 14 consecutive slices.

2.3 Multilayer Printing

The HP P3005X printer achieved the highest attenuation values
and was therefore selected for all consecutive experiments.
A print template with a single full black square of 4 cm? was
used to print three stacks of 100 paper sheets. For the first stack
one print per page, for the second stack two repeated prints
per page, and for the third stack three repeated prints per page
were performed. CT attenuation of the models was analyzed
with a ROI of 3.2 cm? in 14 consecutive slices as described
earlier.

2.4 Soft Tissue Liver Phantom

A patient abdomen CT dataset with multiple hepatic cysts was
retrospectively selected from the clinical database (acquisition
on a Canon Aquilion Prime CT scanner, noncontrast scan,
acquisition parameters 120 kV, automated tube current modula-
tion, reconstructed slice thickness 1 mm, standard soft tissue
kernel). A liver phantom was selected to fit the soft tissue phan-
tom to A4 paper size. Liver tissue was displayed on 186 con-
secutive images. The liver was manually segmented on each
slice and all areas outside of the liver were assigned an HU
value of —300. Based on the range of HU values for one,
two, and three repeated prints from the previous experiment,
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Fig.1 Three template datasets were created from the patient CT data
with window settings adjusted to the toner cartridge calibration. Three
repeated prints per page were performed with one print per template
dataset.
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three print template datasets of the liver were generated with
corresponding window level (WL) and window width (WW)
settings: (1) WL and WW of —133 and 134, (2) WL and
WW of —16.5 and 99, and (3) WL and WW of 69.5 and 73.
All images were inverted and exported as TIFF files (Fig. 1).
One thousand eight hundred sixty paper sheets were printed
with three repeated prints per page (one print per template data-
set). The phantom was scanned with the same acquisition and
reconstruction parameters as the patient. Phantom HU values
were compared with patient HU values.

2.5 Dose and Image Quality

In a sample application of the liver phantom, a dose and image
quality evaluation study was performed. The phantom was
scanned with a tube voltage of 120 kV and an abdomen protocol.
Fixed tube currents and automated tube current modulation
(ATCM) were used (fixed: 200, 150, 100, 50, 30, 20, and
10 mA; ATCM: SD values of 7.5, 9.5, 12, 15, and 25). All
acquisitions were reconstructed with adaptive iterative dose
reduction 3D (AIDR 3D) and filtered back projection (FBP).
An axial slice of the same liver cross section was exported
from all 24 acquisitions as TIFF file (WL 40 and WW 350).
The 24 exported images were rated by seven radiologists in a
two alternative force choice experiment. Images were displayed
in pairs and the participants were asked to select the image with
superior diagnostic quality. All images were compared with
each other, resulting in 23 pairs per image and a total of 276
pairs for 24 acquisitions (Fig. 2). The resulting score corre-
sponded to the number of wins per image (possible range:
0 to 23).

2.6 Data and Statistical Analysis

Correlation was analyzed using Pearson correlation. Estimates
are given in correlation coefficient r and 95% confidence

intervals (CI). For curve fittings, linear regression was used.
Image quality rating scores were compared using two-way
analysis of variance of dose and reconstruction method.
Differences were interpreted as significant when p < 0.05.

3 Results

3.1 Printer Comparison

A linear correlation between grayscales and HU values was
found for all investigated printers (Fig. 3). Pearson correlation
coefficients r and 95% CI were: HP P3005X (r = 0.9970; 95%
CI: 0.9922, 0.9988), Kyocera M 3540idn (r = 0.9808; 95%
CI: 0.9510, 0.9925), Ricoh Pro 8100S (r = 0.9858; 95% CIL:
0.9637, 0.9945), Samsung ML-2525W (r = 0.9692; 95% CIL:
0.9221, 0.9880), and Xerox Phaser 4600 (r = 0.9857; 95%
CI: 0.9634, 0.9944). The maximum achievable CT attenuation
(mean £ SD) with 100% grayscale (full black) was lowest for
the Ricoh Pro 8100S (—134.61 + 1.64 HU) and highest for the
HP 3005X printer (—46.53 + 4.13 HU).

3.2 Multilayer Printing

HU (mean £ SD) of the models printed with the full
black (100%) template were —65.75 +2.12 with one print,
32.91 £ 2.62 with two repeated prints, and 106.4 + 2.02 with
three repeated prints. There was a linear correlation between
the number of repeated prints with 100% grayscale and HU
values (r = 0.9965) (Fig. 4).

3.3 Soft Tissue Liver Phantom

Figure 5 shows CT images of the phantom and images of the
patient liver that was used as template. Streaks in the phantom
images represent HU variations most likely caused by variations
of toner deposition and possibly also composition. Patient and

(@)

(b)

Fig. 2 Comparison of 24 CT acquisitions of the liver phantom (displayed at WL 40, WW 350): (a) 12 FBP
images and (b) 12 AIDR 3D images. Tube currents: firstrow ATCM SD 7.5, ATCM SD 9.5, and ATCM SD
12. Second row ATCM SD 15, ATCM SD 25, and 200 mA. Third row 150, 100, and 50 mA. Fourth row 30,

20, and 10 mA.

Journal of Medical Imaging

021602-3

Apr—Jun 2019 « Vol. 6(2)



Gerbl et al.: Characterization of office laser printers for 3-D printing of soft tissue CT phantoms

407 = HP P3005X
-4 Kyocera M 3540idn
601 - Ricoh Pro8100S
$¢ Samsung ML-2525W
-80 - © Xerox Phaser 4600
=100 ~
")
=
5
o =120 -~
9
=
2 -140-
3
<]
I
-160 -
-180 ~
-200 -
-220

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

Grayscale (%)

Fig. 3 Linear correlation between grayscale values and HU of five laser printers from different vendors.
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Fig. 4 Number of printed toner layers and HU. Repeated prints per
page resulted in increasing HU. Mean + SD values of 14 ROls are
displayed.

phantom HU over all slices are plotted in Fig. 6. Mean = SD HU
and 95% CI of the mean were 41.57 + 11.29 for the phantom
(95% CI 39.93, 43.2) and 51.82 £ 7.08 for the patient (95% CI
50.8, 52.85). In a slice-by-slice comparison, the difference
between patient and phantom HU ranged from —29.13 to
13.4, the mean 4+ SD absolute difference was 12.68 + 7.74
(95% CI 11.56, 13.8).

3.4 Dose and Image Quality

The DLP of all 24 acquisitions ranged from 11.6 (120 kV, fixed
10 mA) to 232 mGy cm (120 kV, fixed 200 mA). The results
of the image rating experiment are shown in Fig. 7. Images
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reconstructed with AIDR 3D were systematically rated superior
to images reconstructed with FBP (p < 0.001). There was a lin-
ear correlation between dose and image quality scores for FBP
reconstructed images (r = 0.9728; 95% CI: 0.9029, 0.9926).
Rating of AIDR 3D reconstructed images increased up to
a threshold dose of 76.3 mGy cm (120 kV, ATCM with SD
value of 12, corresponding to our clinical standard abdomen
protocol), with no further increase for higher doses.

4 Discussion

The results show that laser printers can be used to create
anthropomorphic soft tissue CT phantoms from patient CT data-
sets. All printers investigated in this study were commercially
available office laser printers. The sample application study
demonstrated applicability for systematic CT protocol testing.

Laser printing represents a simplified approach to the previ-
ously published method for R3P of anthropomorphic CT phan-
toms with inkjet technology.® In contrast to this previous work,
calibration was limited to adjusting window settings to the HU
capacities of the toner cartridges without additional grayscale
correction of the print templates. Also, phantom printing
was feasible without hardware manipulations as the printers
deposited and stacked sufficient toner particles to generate a
detectable CT contrast. However, phantom attenuation was con-
sequently also dependent on the toner composition as provided
by the manufacturers.

Iron-oxide-containing toners exhibited significantly higher
attenuation in this study and were therefore used for the liver
model. While this allowed to limit the number of print cycles
to three repeated prints per page, additional print cycles may
achieve soft tissue HU values also with lower attenuating toners.
Extrapolation suggests that large numbers of print cycles could
even yield bone equivalent HU. However, this may be limited by
the resulting stress on the material. As toner is not absorbed by
the paper, repeated mechanical stress from passing through the
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Fig. 5 CT images of the (a) patient liver and the (b) liver phantom. Mean + SD HU were 51.82 + 7.08 for
the patient and 41.57 & 11.29 for the phantom.
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Fig. 6 Slice-by-slice comparison of the patient and the phantom liver. The mean + SD HU absolute
difference between patient and phantom was 12.68 + 7.74 (95% CI 11.56, 13.8).

printer potentially damages toner layers from previous prints. contributed to the observed HU variations. Particular attention
This may also have contributed to the HU variations observed should therefore be paid to the replacement of empty cartridges
in the soft tissue liver model. In addition, there may be variabil- and to the cartridge calibration. Depending on their composi-
ity of cartridge toner deposition and also toner composition that tion, color toners may exhibit similar attenuation properties
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Fig. 7 Results of the image rating experiment (mean + SD values of seven rating scores per data point).

as some of the toners investigated in this work and therefore
alternatively be used.

The developed method presents an easily accessible
approach to generate anthropomorphic phantoms with standard
office equipment. This is in contrast to previous studies using
commercial 3-D printers’ that are associated with considerably
higher costs and more limited availability. Also, manipulation of
build material attenuation properties of commercial 3-D printers
is challenging,'” whereas phantom attenuation was adjusted to
patient HU values with simple window settings in this study.
Printing of patient CT images allowed to transfer detailed patient
anatomy into a liver phantom. This may be extended to other
nonuniform soft tissue models and larger phantom sizes (e.g.,
using A3 laser printers). Such phantoms may be used to simulate
clinical patient imaging and assess CT techniques'""'> and pro-
vide an opportunity for researchers and CT facilities to test and
optimize CT protocols without exposing patients.

With this regard, the sample application study demonstrated
dose dependency of overall image quality as was expected from
previous work."? Also, similar to previous studies, AIDR 3D
achieved noninferior image quality ratings at lower doses.'*'®
Remarkably, the threshold dose for AIDR 3D reconstructed
images, above which image quality scores did not further
increase, corresponded to the clinical standard protocol used at
our department. This indicates both that potential improvements
were too marginal to be perceived and that the participants
tended to prefer familiar image attributes from their clinical
practice. A comparison with readers that are not unanimously
biased by their clinical experience would therefore be of interest
in future work.

The limitations of this work are that only soft tissues were
simulated. The method was used to create one liver phantom,
but reproducible printing of anthropomorphic phantoms was
not demonstrated. Phantom consistency over time was not inves-
tigated in this work. Dose and image quality were assessed on
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the phantom, but not directly compared with clinical patient
images. Also, overall image quality was assessed for a global
phantom evaluation in this work, but evaluation was not per-
formed for specific tasks.'>!”

In conclusion, off-the-shelf office laser printers can generate
anthropomorphic soft tissue phantoms for CT. The developed
method presents a simplified approach for R3P of CT phantoms
without hardware manipulations of the printing equipment, but
also with less flexibility regarding attenuation properties of the
printed toner material.
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