Pre prints.org

Article Not peer-reviewed version

Development of a 3D Printed Chest
Phantom with Simulation of Lung
Nodules for Studying Low-Dose CT
Protocols

Jenna Silberstein , Steven Tran, Yin How Wong , Chai Hong Yeong , Zhonghua Sun i

Posted Date: 18 November 2024

doi: 10.20944/preprints202411.1228.v1

Keywords: 3D-print; chest model; low-dose CT; ultra-low dose CT; lung cancer screening; lung nodules;
pulmonary nodules

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/4019262
https://sciprofiles.com/profile/4019422
https://sciprofiles.com/profile/2974839
https://sciprofiles.com/profile/678557
https://sciprofiles.com/profile/650060

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 November 2024 d0i:10.20944/preprints202411.1228.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Development of a 3D Printed Chest Phantom with
Simulation of Lung Nodules for Studying Low-Dose
CT Protocols

Jenna Silberstein ?, Steven Tran !, Yin How Wong 2 Chai Hong Yeong 2 and Zhonghua Sun 3*

! Discipline of Medical Radiation Science, Curtin Medical School, Curtin University,
Perth, WA 6845, Australia; jenna.beinart@student.curtin.edu.au (J.S); steven.tran@curtin.edu.au (5.T)

2 School of Medicine, Faculty of Health and Medical Sciences, Taylor’s University, Kuala Lumpur,
Subang Jaya 47500, Malaysia; yinhow.wong@taylors.edu.my (Y.H.W.);
chaihong.yeong@taylors.edu.my (C.H.Y.)

3 Curtin Health Innovation Research Institute (CHIRI), Curtin University, Perth, WA 6845, Australia

* Correspondence: z.sun@curtin.edu.au; Tel.: +61-8-9266-7509

Abstract: This study aimed to 3D print a patient-specific chest phantom simulating multiple lung
nodules to optimise low-dose CT protocols for lung cancer screening. The chest phantom, which
was developed from a selected patient’s chest CT images was fabricated using a variety of materials,
including PLA, Glow-PLA, ABS, and polyurethane resin. The phantom was scanned under different
low-dose (LDCT) and ultra-low-dose CT (ULDCT) protocols by varying the kVp and mAs.
Subjective image quality was evaluated by three radiologists using a 5-point Likert scale, while
objective image quality was assessed using signal-to-noise ratio (SNR) and contrast-to-noise ratio
(CNR). The phantom’s lung tissue, lung nodules, and diaphragm demonstrated radiation
attenuation comparable to patient tissue, as measured in Hounsfield Units (HU). However,
significant variations in HU were observed for the skin, subcutaneous fat, muscle, bone, heart, lung
vessels, and blood vessels compared to patient tissues, with values ranging from 93.9 HU to -196
HU (p < 0.05). Both SNR and CNR decreased as the effective dose was reduced, with a strong
positive linear correlation (r =0.92 and r = 0.93, respectively, p <0.001). The median subjective image
quality score from radiologists was 4, indicating good diagnostic confidence across all CT protocols
(x=-0.398, 95% CI [-0.644 to -0152], p < .002). An optimal protocol of 80 kVp and 30 mAs was
identified for lung nodule detection, delivering a dose of only 0.23 mSv, which represents a 96%
reduction compared to standard CT protocols. These findings highlight the potential for significant
dose reductions in lung cancer screening programs. Further studies are recommended to improve
the phantom by selecting more tissue-equivalent materials.

Keywords: 3D-print; chest model; low-dose CT; ultra-low dose CT; lung cancer screening; lung
nodules; pulmonary nodules

1. Introduction

Lung cancer is the leading cause of cancer-related deaths worldwide [1]. Its notoriety can be
attributed to the delayed presentation of symptoms, with early manifestations of lung nodules being
undetected [2]. Lung cancer screening trials have revealed that annual low-dose CT (LDCT) can
improve early detection rates and hence survival from lung cancer by 20-30% compared to planar
chest X-rays in high-risk individuals [2—4]. However, some countries are hesitant to adopt national
lung cancer screening programs using LDCT due to the risks associated with repetitive exposure to
higher levels of ionising radiation in a screening forum [5]. Although LDCT delivers approximately
1.5 mSv per examination, which is lower than the 8 mSv range of regular CT scans, the cumulative

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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dose from annual screenings may equate to or even exceed typical CT radiation levels, elevating the
risk of carcinogenic effects [6].

With the recent advancements in CT technology [7], studies have explored the potential to
reduce dose to levels comparable to that of conventional chest X-rays, in the range of 0.06-0.10 mSv
[8], whilst maintaining adequate image quality for the detection of lung nodules [5,8-18]. These
submillisievert scans are termed “ultra-low-dose-CT” (ULDCT). For example, Burgard et al., [5]
utilised a porcine phantom with artificial lung nodules to investigate low-dose and ULDCT protocols.
They reduced tube voltage by capitalising on using advanced-modelled iterative reconstruction
(ADMIRE), an algorithm which retrospectively modifies data to supress noise. Additionally, tin
filtering was used to shape high energy spectra for an efficient, lower-dose beam. Consequently, they
suggested that an ULDCT protocol is feasible for lung nodule detection by applying 100 kVp with tin
filtering, delivering a mere 0.1 mSv effective dose. Similarly, Huber et al.,, [11] used iterative
reconstruction (IRIS, Siemens, Healthineers, Germany) on a commercial NI-LUNGMAN phantom
and concluded that 80 kVp with 6 mAs was adequate for nodule visualisation. Likewise, by
manipulating tube voltage and current, Leitao et al. (2021) [13] concluded that an ULDCT protocol of
80 kVp and 30 mAs in a commercial Alderson Rando phantom was viable for nodule detection, giving
an effective dose of 0.072 mSv.

The indication that lung nodule detection is possible with radiation exposures equivalent to
chest X-rays justifies the potential benefits of participating in LDCT screening programs, where the
advantages may outweigh the risks. However, these studies predominantly investigated low-dose
protocols using commercial phantoms or simplistic block slabs, which have been criticised for being
unrealistic, too generic, not patient-specific, and exorbitantly expensive, costing in the range of $30
000-$40 000 [19,20]. Furthermore, their homogeneous composition of lung parenchyma, without
inclusion of lung vessels, creates enhanced contrast that makes lung nodules easier to visualise
compared to what would be their appearance within realistic, heterogeneous, multi-cellular human
anatomy. Therefore, a more realistic representation of a human chest is warranted to more reliably
study low-dose protocols for lung nodule detection.

Three-dimensional (3D) printed phantoms are increasingly utilised as more realistic alternatives
for representing human anatomy [21], with many researchers creating chest phantoms for
radiological applications [22]. In their study, Cavlarie et al. [19] 3D printed a thoracic model using
fused-deposition modelling (FDM), whereby thermoplastic filament is melted through a heated
nozzle and deposited layer-by-layer on a printing bed. Despite replicating the human lungs, nodules,
vessels, bones, muscle, and fat; their model was not radiation equivalent. Currently, Hong et al. [23]
has produced the most comprehensive radiation equivalent and geometrically accurate 3D printed
patient-specific chest phantom, incorporating bone, heart, skin, fat, muscle and silicone casted lung
parenchyma and nodules [22]. However, their phantom merely represents an axial slice rather than
an entire torso and does not incorporate lung vessels. Others have developed radiation equivalent
chest phantoms for a range of purposes including to optimise low-dose CT pulmonary angiography
(CTPA) protocols for the detection of pulmonary embolism [24] and for optimising CT surveillance
scans post thoracic endovascular aortic repair (TEVAR) [25,26]. Nonetheless, no study thus far has
3D printed a thoracic model with the simulation of lung nodules to study low-dose protocols for lung
cancer screening [22]. Additionally, most studies 3D print discreet thoracic organs, with limited
phantoms representing holistic thoracic structures [22].

Thus, the aim of this study was to 3D print a realistic and radiologically tissue equivalent patient-
specific CT derived chest phantom that comprehensively incorporates the full gamut of thoracic
structures as well as lung nodules in order to optimise LDCT protocols for lung nodule detection. It
was hypothesized that through the use of the 3D-printed phantom, optimal LDCT protocols can be
identified by reducing voltage and current, despite the associated increase in noise. Furthermore, it
is anticipated that there will be a threshold at which the voltage and current can no longer be reduced
further due to overpowering noise that would interfere with diagnostic capability.
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2. Materials and Methods

This study was approved by Curtin Human Research Ethics (HRE) Committee, Australia
(approval number: HRE2024-0391).

2.1. Selection of Sample Case and Image Segmentation

The anonymised chest CT dataset in the format of Digital Imaging and Communications in
Medicine (DICOM) of a 40-year-old male patient, from a previous study [25] (HRE2018-0087), was
selected as the sample case for the 3D printed model due to the presence of multiple lung nodules
(31 nodules). The patient had as weight of 64 kg and a height of 170 cm. The CT scan was performed
on a 640-slice CT scanner (uCT 960+ CT, United Imaging Healthcare, China) using 120 kVp, 125 mAs
and 1.0 mm slice thickness.

The CT dataset was imported into 3D Slicer (Version 5.6.1, Massachusetts, USA) and segmented
using manual techniques by harnessing thresholding for the skin, subcutaneous fat, muscle,
diaphragm, lung nodules and pulmonary arteries. TotalSegmentator [27], a 3D slicer extension tool,
was used to automatically segment the lungs, heart, vessels, trachea, oesophagus, thyroid, bones,
stomach, spleen, pancreas, and liver. Furthermore, the lungs, oesophagus and stomach were
manually hollowed using SegmentEditorExtraEffects [28]. The 3D volume rendered (VR) model
(Figure 1) was then converted into a stereolithography (STL) file. From this, the individual organs
were 3D printed using a fused deposition modelling (FDM) printer (Raise 3D N2 Plus, Raise 3D
Technologies, USA) and an LCD-based stereolithography (SLA) resin printer (Photon S, AnyCubic,
Hong Kong). Printing parameters are listed in Table 1.

Figure 1. 3D Volume-rendered model created by segmenting the patient’s CT images using 3D
Slicer. Front view (A) and side view (B) of the model with skin, subcutaneous fat, muscle, and thoracic

bones removed. C: Lungs removed to display the lung vessels and lung nodules. D: front view of the
outer skin layer.

Table 1. Printing parameters and cost of phantom.

Nozzle Bed Printing Time| . . Printing Cost
Model Temperature | Temperature (Hours) Weight (g) (SAUD)
WY W)
Lung Blood Vessels - - 20 - 183.6
Bone 215 60 220 1680 57.1
Lung Nodules 215 60 3.5 22 0.6
Pulmonary Venous System 215 60 3 26 0.7
Skin 235 90 98 552 15
Oesophagus 215 60 2.5 32 0.9
Stomach 215 60 12 280 7.6
Trachea 215 60 1.5 22 0.6
Heart 235 90 22 440 12
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Left Deep Back Muscle 235 90 23 263 7.2
Right Deep Back Muscle 235 90 21.5 243 6.6
Lung 215 60 95 1105 30.1
Thyroid 215 60 1 15 0.4
Stomach 215 60 34.5 806 21.9
Spleen 215 60 24 530 14.4
Pancreas 215 60 3 50 1.4
Liver 215 60 80 1300 354
Left Atrial Appendage 215 60 0.5 8 0.2
Diaphragm 235 90 48 530 144
Brachiocephalic Trunk 215 60 1 52 0.1
Aorta 235 90 11.5 230 6.3
Inferior Vena Cava 235 90 4.5 42 1.1
Left Brachiocephalic Vein 235 90 1.5 10 0.3
Left Common Carotid Artery 235 90 2 5.3 0.1
Left Subclavian Artery 235 90 15 8 0.2
Right Brachiocephalic Vein 235 90 1 6.4 0.2
Right Common Carotid Artery 235 90 1 3.4 0.1
Right Subclavian Artery 235 90 1 7.3 0.2
Superior Vena Cava 235 90 2.5 16.7 0.5
Subcutaneous Fat 215 60 191 1840 50
Muscle 215 60 247 2124 57.8
TOTAL 1178.5hrs
49 days and 2.5 hrs $527

2.2. Selection of 3D Printing Materials

Radiant DICOM Viewer (version 2023.1) was used to calculate the Hounsfield Units (HU) of the
patient dataset by drawing a circular region of interest in the centre of each lung nodule and in a
selection of all other tissue types as performed previously [29,30] (Supplementary Tables 1 and 2).
The selection of 3D printing materials aimed to match the HU of the patient tissue and to be within
the expected range of normal tissue.

Preliminary investigations into the attenuating properties of common FDM printing materials;
Polylactic acid (PLA) and Acrylonitrile Butadiene Styrene (ABS), was conducted, in order to tailor
the material and infill percentages according to the patient’s tissue types. Sample blocks (2 cm?) made
of PLA and ABS of varying infill percentages (25%, 50%, 75% and 100%), were scanned using a 128-
slice multi-detector CT scanner (SOMATOM Definition, Siemens AG-Healthcare, Germany) with 120
kVp and 50 mAs. The radiodensities (HU) were recorded. A linear relationship was established
between infill percentage and HU according to material type (Figure 2). The material and infill
percentage required for the different tissues of the patient-specific chest phantom was subsequently
determined by linearly interpolating according to the HUs measured from the patient's CT.
Furthermore, Glow-PLA was used to replicate bone [31]. Polyurethane resin (Fabbxible Rubber Like
UV photosensitive resin) was used to 3D print the pulmonary vessels due to the superior resolution
SLA provides over FDM required for the small pulmonary vessels [32]. Printed parts were assembled
manually using all-purpose glue (Tarzan’s Grip General Purpose Super Glue) after manually
removing the support materials.

d0i:10.20944/preprints202411.1228.v1
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Radiodensities of ABS and materials at
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Figure 2. Radiodensities of ABS and PLA materials at different infill percentages.

Table 2. Materials used for printing phantom tissues.

Model Material Infill Printer
ype
Lung nodules, lung, left atrial appendage PLA 100%FDM
Pulmonary venous system PLA 95% [FDM
Skin, deep back muscles, inferior vena cava, aorta,
brachiocephalic veins, common carotid arteries, |ABS 100%|FDM
subclavian arteries.
Oesophagus, stomach, liver, spleen, thyroid PLA 87% [FDM
Muscle, pancreas PLA 88% [FDM
Trachea PLA 15% [FDM
Heart, diaphragm IABS 95% [FDM
Brachiocephalic trunk, subcutaneous fat PLA 73% [FDM
Polyurethane resin (Fabbxible
Rubber Like UV photosensitive LD
Pulmonary vessels . 100%|Resin
resin) .
printer
Bone PLA-Glow 100%[FDM

2.3. Scanning Protocols

The 3D-printed phantom was scanned on a 3rd generation dual-source 192-slice CT scanner
(SOMATOM Force, Siemens Healthineers, Germany). A standard chest CT protocol was used to
acquire high-resolution data as the reference images: 100 kVp, 352 mAs with dose length product 390
mGy.cm [33]. Low-dose and ultra-low-dose CT scans were additionally performed:

Low-dose CT: 100 kVp with 180, 150, 120, 100, 80, 50 and 30 mAs

Ultra-low-dose CT: 80 kVp with 180, 150, 120, 100, 80, 50 and 30 mAs

Scans were acquired with 1.0 mm slice thickness, 0.5 mm reconstruction interval and
reconstructed with advanced modelled iterative reconstruction (ADMIRE) algorithm using the
kernel 3 strength.

The phantom was also scanned using the same protocols as the original patient (120 kVp, 125
mAs) to measure HU and assess radiation equivalence.
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2.4. Qualitative Assessment of Image Quality

Three radiologists (each with more than 5 years of experience in reporting chest CT images) were
blinded to the protocols and were presented with the 15 CT scans in randomised order. They
independently scored each CT scan for nodule detectability according to a 5-point Likert Scale: 1 =
non-diagnostic image quality, strong artifacts, unsuitable for diagnosis. 2 = limited diagnostic
confidence, severe blurring creates uncertainty in assessment. 3 = moderate diagnostic confidence:
moderate blurring causes restricted assessment. 4 = good diagnostic confidence, slight blurring but
evaluation is unrestricted. 5 = excellent diagnostic confidence, clear images, artifact free for a
confident diagnosis.

The optimum protocol was determined to be the protocol that delivers the lowest effective dose,
given that it achieves a subjective image quality score of at least 3.

2.5. Quantitative Assessment of Image Quality
Signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) were calculated for each scan using
the following procedures:

_ Mean Hounsfield Unit (HU)
Noise

SNR

Mean HU and noise were measured using Radiant DICOM viewer (version 2023.1) by drawing
a circular 0.5 cm? region of interest (ROI) in the biggest lung nodule. Standard deviation of the
measured HU represents the image noise [17].

CNR = Mean Hounsfield Unit (HU) nodule — Mean HU background lung

Image Noise

The mean HU was measured in the biggest nodule compared to the background lung tissue,
taking care to avoid surrounding vessels. Image noise was calculated as the standard deviation from
a 0.5 cm2ROl in the lung tissue [34].

Mean=-983.09 SD=29.46
Max=-897 Min
*Area=0.5064

~

Max=142 Min
Area=0.5112 cm? (72 px) M

Figure 3. Measurement of CNR with ROI in largest nodule and background lung tissue.

2.6. Radiation Dose

Volume CT Dose Index (CTDIvol) and Dose Length Product (DLP) were recorded from the dose
report of each CT scan. Effective dose (ED) was calculated by multiplying DLP with the coefficient k
=0.014 mSv/mGy.cm.
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2.7. Statistical Analysis

Accuracy of the phantom’s tissue equivalence was determined by comparing its tissue
attenuations (HU) with the attenuations measured in the patient’s CT scan using a statistical software
(Jamovi, version 2.3.28) to conduct Student’s unpaired-sample t-tests (with 0.05 as the alpha value).
Prior to using Student’s t-test, the Shapiro-Wilk test was conducted to ensure normality of the data
and Levine’s test to confirm homogeneity of variances. If either of these tests were violated, the non-
parametric equivalent (Mann-Whitney U test) was performed. Results are reported with a 95%
confidence interval (CI) and expressed as Mean + SD (standard deviation) and Median + IQR
(interquartile range) for parametric and non-parametric data, respectively.

The impact of different scan protocols on the SNR and CNR in relation to the effective doses
delivered was determined using regression analysis in Excel. Inter-observer agreement between the
three radiologists was determined by Fleiss’s Multirater kappa using SPSS Statistics (version 30).

3. Results

Figures 4 and 5 showcase the 3D-printed chest phantom, while Figure 6 presents a comparative
CT slice of the phantom alongside that of the patient. Table 3 presents HU measured for each of the
printed thoracic tissues compared to those of the patient. The complete phantom weighed 22 kg.

Figure 4. 3D printed chest phantom. A: frontal view of the 3D printed model with ribs and muscle

exterior visible. B: Interior of 3D printed model, consisting of heart, neck vessels, trachea, hollowed
posterior lung compartments, pulmonary vessels, lung nodules, diaphragm, liver, and stomach. C:
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Superior view of complete phantom in CT scanner, with skin exterior visible. D: Lateral view of
complete phantom within CT scanner.
Figure 5. Lung shell. A: Successive layering of PLA during FDM printing of the lung. B: right anterior
lung compartment with lung vessels (polyurethane resin) and nodules (red PLA) in situ.
Figure 6. CT slice of original patient image (A) compared to the phantom image (B). Similar
morphological appearance of phantom and patient scans is evident. However, in the phantom, the
smaller pulmonary vessels and lung interstitium are absent and air gaps exist between tissue layers.
Edge enhancement surrounding structures is also evident within the phantom scan.
Table 3. Hounsfield Units (HU) measured in different tissue types for both patient and phantom CT
scans.
Tissue Mean/Median |Standard HU reported | Mean/Median HU | Mean difference between | P value [95% CI]
HU in patient in the literature in phantom phantom and patient
Muscle 50.6+16.2 -5 to 135 [35] -120 +48.5 -166 p<0.001 [114, 196]
Fat -112 +4.87 -200 to -20 [36] -287 +28.3 -176 0.008 [24.4, 303]
Pulmonary 61.1+16.5 ~blood: 52.19 [37] 155 +27.6 93.9 p<0.001 [64.6, 123]
vessels
Airway -970 + 8.07 -1000 [38] -892 +57.7 77.7 0.037 [6.44, 149]
Lung -853 + 54.6 -550 to -950 [36] -987 +124 -116 0.105 [-143, 35.9]
Heart 35+8.24 20-50 [39] 81.3+14.1 116 p<0.001 [-131, -
102]
Blood Vessels 48.1+9.94 26.52 +12.52 [40] -69.7 + 110 -114 0.024 [-168, -12.7]
Diaphragm 45.6 +32.4 30 to 150 [41] -65.7 +93.6 -111 0.066 [-232, 9.96]
Bone 273+87.3 226-3071 [35] 77.1£38.5 -196 p<0.001 [-283, -
110]
Lung Nodules 41.9£28.9 -20 to 165 [42] 36 +53 -4.59 0.557 [-13.5, 19.8]
Skin 71+14.9 70 12.5+67.6 -58.5 0.006 [-95.2, -17]
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3.1. Radiation Equivalence

Radiation equivalence was achieved for the lung tissue (-987 + 124 HU), lung nodules (36 + 53
HU), and diaphragm (-65.7 + 93.6 HU), with no statistically significant median differences of -116 HU
(95% CI [-143, 35.9], p > 0.05) for lung tissue and -4.59 HU (95% CI [-13.5, 19.8], p >0.05) for lung
nodules. No significant mean differences were observed for the diaphragm (-111 HU, 95% CI [-232,
9.96], p > 0.05).

However, statistically significant differences in HU between their patient counterparts were
measured for bone (-196 HU, p<0.001, 95% CI [-283,-110]), heart (-116 HU, p<0.001, 95% CI [-131, -
102]), muscle (-166 HU, p<0.05, 95% CI [114, 196]), airways (77.7 HU, p<0.05, 95% CI [6.44, 149]), large
blood vessels (-69.7 HU + 110, p<0.05, 95% CI [-168, -12.7]), pulmonary vessels (93.9 HU, p<0.001, 95%
CI [64.6, 123], skin (-58.5 HU, p<0.05, 95% CI [-95.2, -17] and subcutaneous fat (-176 HU, p<0.05, 95%
CI [24.4, 303]). Phantom tissues exhibited on average, lower attenuations and larger variation in their
HU compared to corresponding patient tissues (Figure 7).

HU of patient and phantom tissues
[[] Phantom [] Patient
400 1 _
% E
200 - " &
ol 7 : = B
= = L
-200 - H
~600 1 ** p<0.001
-800 5 I * p<0.05
-1000 1 "= O
2 g £ 3 &£ § g & 3 ©
P * > < = a. )
[ 3k @ 2% A *
®3% g * % A 80
8 3
‘5 —_
[t

Figure 7. Box plot comparing the Hounsfield Units (HU) of phantom and patient tissues. The cross
represents the mean, and the horizontal line represents the median. Lung nodules, diaphragm, and
lung tissue have similar HU values. In contrast, phantom muscle, fat, heart, skin, blood vessels and
bone have significantly lower HU compared to the patient, whilst pulmonary vessels and airway have
significantly higher HU. Phantom tissues tend to exhibit larger variations in attenuation.

3.2. CT Protocol Dose Optimisation

A reduction in kVp and mAs led to a corresponding decrease in effective dose (Table 4, Figure
8). The lowest dose protocol (80kVp and 30mAs with resultant 0.23 mSv) delivered a 96% lower
effective dose compared to the standard protocol (100 kVp and 352 mAs with 5.8 mSv). However,
this reduction was accompanied by a 72% decrease in SNR and a 69% reduction in CNR (Table 4).
Additionally, 81% of the reduction in SNR was explained by the decrease in effective dose, with
results demonstrating a significantly strong positive linear correlation between SNR and effective
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dose (r=0.92, R2=0.81, p<0.001) (Figure 9). Likewise, 87% of the reduction in CNR was explained by
the reduction in effective dose, with a significantly strong positive linear correlation (r = 0.93, R? =
0.87, p<0.001) (Figure 10). Regardless of this diminishing objective assessment of image quality, the
subjective image quality scores did not differ between these scans, scoring on average 4/5
representing good diagnostic confidence (1=-0.398 (95% CI, -0.644 to -0152), p <.002) (Table 4).

Table 4. Dose, quantitative and qualitative measurements of image quality for each protocol.

Protocol
ST DLP ED Radiologist Scores (1-5)
(mGy SNR | CNR
kVp | mAs | (mGy) *cm) (mSv) Reader | Reader | Reader | Median
1 2 3

352 11.9 412.7 5.8 123 | 85.8 4 3 5 4
180 6.09 213.1 298 | 1.03 | 72.6 4 4 5 4
150 5.09 176.5 | 247 |0.885| 61.3 4 4 5 4

100 | 120 4.10 142.2 199 | 0771 | 62.3 4 4 5 4
100 3.33 117.7 | 1.65 |0.718 | 57.0 4 4 5 4
80 2.74 93.6 131 | 0.661 | 50.8 4 4 5 4
50 1.72 58.8 0.82 | 0.743 | 42.2 4 4 5 4
30 1.04 35.7 0.50 | 0.618 | 38.2 4 3 5 4
180 2.8 98.3 1.38 | 0.604 | 54.3 4 4 5 4
150 2.36 81.8 1.15 | 0.602 | 51.5 4 3 5 4
120 1.89 65.9 092 | 0567 | 455 4 4 5 4

80 | 100 1.58 53.9 0.75 | 0.668 | 48.75 4 4 5 4
80 1.26 429 0.60 | 0524 | 394 4 4 5 4
50 0.80 27.3 0.38 | 0.440 | 34.15 4 4 5 4
30 0.47 16.1 023 | 0347 | 262 4 4 5 4

Effective dose according to Protocol
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Figure 8. Bar graph demonstrating that a reduction in kVp and mAs results in a reduced effective
dose.
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Figure 9. Strong positive correlation and linear regression between SNR and effective dose.
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Figure 10. Strong positive correlation and linear regression between CNR and effective dose.

Mann-Whitney U tests performed for muscle, fat, lung, blood vessels, skin, and lung nodules,
with corresponding averages expressed as Medians + IQR. Student’s t-test performed for pulmonary
vessels, airways, heart, diaphragm and bone, corresponding averages expressed as Means + SD.
p<0.05 indicates statistically significant difference between mean or median values, p>0.05 indicates
statistically significant radiation equivalence.
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Figure 11. Sample CT slices of phantom. Top row images depict largest nodule. Bottom row images
depict smallest lung nodule. A: The lowest dose protocol of 80 kVp, 30 mAs, with slight mottle
evident. B: Highest dose protocol of 100 kVp, 352 mAs. Despite increase in noise and hence reduced
SNR and CNR, radiologists deemed these images to be diagnostic for detection of lung nodules.

4. Discussion

In this study we have developed a 3D-printed chest phantom based on a patient’s CT images
with multiple lung nodules for the purpose of optimising low dose CT protocols for lung cancer
screening. The main advantage of our study over others is that we printed the comprehensive gamut
of thoracic tissues, including skin, muscle, bone, subcutaneous fat, lung, vessels, airway, and nodules
[22]. Beyond this, the inclusion of abdominal organs of the liver, spleen, pancreas, and stomach, adds
to the complexity and realness of the phantom, whilst providing a replicable tissue environment
surrounding the lung nodules for accurate and realistic HU measurements and diagnostic
assessment. We evaluated various low- to ultra-low-dose CT protocols ranging from 80-100 kVp with
30-180 mAs to assess the detectability of lung nodules. All scans demonstrated good diagnostic
confidence, indicating that ultra-low-dose CT (ULDCT) using 0.23 mSv (80 kVp and 30 mAs) is a
viable protocol for lung cancer screening, while delivering the least effective dose (0.23 mSv).

4.1. Phantom Equivalence

The lung tissue, nodules, and diaphragm in this study achieved radiodensities equivalent to
those of the patient. Other studies have often struggled to replicate the attenuation properties of air-
filled lung tissue in their phantoms due to the challenge of creating a tissue scaffold to support lung
structures and for structural integrity [19,22]. However, this study addressed this issue by developing
a lung shell containing air and pulmonary vessels, allowing for attenuation values of aerated lung
tissue comparable to those of the patient. Despite this advancement, the design limited the flexibility
of placing lung nodules within the airspace, as they had to be attached to either the vessels or lung
walls. This constraint reduced the replicability of nodule positioning compared to the actual patient
anatomy.
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In contrast, the skin, subcutaneous fat, muscle, heart, blood vessels and bone had lower
radiodensities, with 82%, 157%, 328%, 331%, 237% and 71% differences in HU compared to their
patient counterparts, respectively. Whilst the pulmonary vessels and airway achieved 154% and 8%
higher relative radiodensities. This represents a maximum HU error of -196 HU. Similarly, Cavalarie
et al. [19] 3D printed a chest phantom using PLA at varied infill densities to replicate bone (100%
infill), fat (40%), muscle (55% infill), lung (10% infill), vessels (70% infill), and nodules (50-60%),
achieving marked differences in attenuations between the patient, with a maximum error of up to
505HU. In contrast, in their chest phantom, Kunnert et al. [43] utilised ABS to accurately replicate
adipose tissue, and PLA for muscle (95% infill) and lung (30% infill), with tissue equivalent
radiodensities. Villani et al. [44] corroborated these findings, supporting the application of PLA for
mimicking water or soft tissue equivalent materials and ABS for lower density tissues such as fat.

A potential reason for such discrepancies is because these materials originate from different
manufacturers who may incorporate different ingredients, additives and colours creating products
with different properties [45]. Alternatively, this may be due to the methodological error and
inaccuracies of the preliminary material investigations and selection of suitable infill percentages. For
example, a noted limitation of this study is the assessment of material properties using different CT
scanner and exposure parameters to that used in the study itself. Since material attenuation
coefficients vary according to energy of the incident beam [44], this may explain the lack of tissue
equivalence observed in this study. Moreover, one of the major barriers limiting the applications of
3D printing in medical imaging phantoms is the lack of tissue equivalence of thermoplastic filaments
across the full spectrum of CT energies. For example, a material may exhibit tissue equivalence at a
specific kVp and mAs but may not at another set of parameters/energies [44]. This may be attributed
to the filaments having a lower effective atomic number (Zerr) compared to real soft tissue. As higher
Zetincreases photoelectric absorption, the attenuation and HU increases with lower energies, or in
the case of soft tissue composed primarily of water, remains constant [46]. However, the lower Zet of
thermoplastic materials causes the opposite effect, such that reduced kVp leads to reduced HU [47].
Thus, future investigations should aim to keep the scanner and parameters consistent within their
studies. Moreover, a larger variety of thermoplastic filaments with different higher atomic additives
or more similar molecular composition, need also be researched to better mimic the energy
dependence of tissue attenuations [47-49].

Furthermore, simple block materials may present with different attenuations due to lack of
external attenuating material as would normally surround anatomy within the human body. Thus,
photons incident on the sample blocks likely exhibit different X-ray energies due to reduced beam
hardening and attenuation that would occur from the beam interacting with surrounding tissue.
Future studies are encouraged to improve this methodology by incorporating the sample blocks into
simulating tissue environment such as a water bath, for example, which may deliver more reliable
and transferrable HU measurements [47]. Additionally, thickness of a material influences the
attenuation of a beam [50], however the sample blocks did not have the same size and thickness of
the tissues it represents. Thus, sample material thickness should additionally be controlled for
improved selection of tissue equivalent materials.

Manipulating infill percentages is a useful method that researchers employ to control HU in
FDM printing due to the linear relationship between infill percentage and HU (Figure 2) [45,51].
However, this method has been criticised for creating unrealistic texture materials with microscopic
or macroscopic voids that leads to high deviations in attenuations, which may underlie the variations
in HU reported for the same 3D printing filaments between publications [47]. Consequently, the air
gaps present may contribute to the low Hounsfield Units achieved for some of the tissues measured
in this study and the large variations of HU relative to the patient (Figure 7) [48]. Modifying infill
percentages also creates solid shell artifacts visible at boundaries of materials [50], which possibly
enhanced contrast and visibility of the lung nodules in this study (Figure 6).

The struggle to replicate the high attenuations of bone is well reported throughout the literature
[22]. Although this study employed Glow-PLA to replicate bone, similar to Laidlow et al.’s [31]
phantom experiment, the HU was too low at 77HU, compared to in their study. This can be attributed
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to the lower infill percentage used. Alternatively, higher density additives such as PLA doped with
50% iron (Fe-PLA) [52] or granite-PLA [44] has shown to produce HU in the higher ranges (~700-
2000 HU), due to the increased occurrence of the photo-electric effect [53].

4.2. Optimising CT Protocols for Lung Nodule Detection

This study reveals that a low dose CT protocol of 80 kVp, 30 mAs with ADMIRE 3 (0.23 mSv
effective dose), is a potentially viable option for good diagnostic ability of lung nodules on CT scans.
These findings are in agreement with Leitdo et al.’s study that concluded that 80 kVp, 30 mAs (0.072
mSv) provides sufficient diagnostic capability for detection of lung nodules in an Alderson Rando
phantom [13]. However, our study provides more weight to these findings due to the incorporation
of pulmonary vessels that are absent from commercial phantoms. Nevertheless, the relatively high
contrast of nodules to lung background is still considered a limitation of this study due to the inability
to reproduce the smaller peripheral lung vessels (Figure 6). Thus, there appears less “anatomical
noise” within the constructed phantom compared to the patient. The small branched peripheral
vessels were not able to be printed due to limitations of the resin material. The flexible and flimsy
material could not withstand the pressures of the printing process and forces involved from
removing the support material. Future studies can use more robust material or alternatively, use
traditional moulding techniques to create the lung vessels.

Despite the increase in SNR and CNR associated with the reduced effective dose (Figures 9 and
10), this did not affect the subjective visual perception of lung nodules by the radiologists. This
affirms the ability and responsibility of radiographers to reduce radiation exposures in order to limit
dose to patients, regardless of degradation to image quality, as long as the diagnostic capacity is
maintained [54]. Lowering radiation dose is feasible for lung cancer screening due to the high intrinsic
contrast between air and pulmonary structures [15]. Iranmakani et al. [55] suggests that clinicians
may be hesitant to reduce exposure parameters to ultra-low levels, despite feasibility of producing
acceptable image quality with such low radiation levels. Future studies should explore further
reductions in kVp and mAs to establish the threshold where noise begins to interfere with diagnostic
ability.

Our findings suggest that it is feasible to achieve accurate lung nodule detection using radiation
doses lower than those currently applied in national lung cancer screening programs [56]. For
instance, the American National Lung Cancer Screening Program uses 120-140 kVp with 40-80 mAs,
delivering approximately 1.5 mSv per scan. [57], which is 85% higher than the dose proposed in this
phantom study. As Australia plans to implement its own lung cancer screening program in 2025 [58],
these results, along with similar research, could provide valuable guidance in selecting optimal CT
protocols for lung nodule detection.

This study has several limitations. First, the alveoli and lung parenchyma were not replicated.
Currently, no material exists in the literature that can accurately mimic the delicate structure of lung
parenchyma whilst maintaining low HU for aerated lung [22]. Secondly, large air gaps were present
between phantom tissue layers, resulting from poor adhesion of the superglue. However, replicating
the extensive connective tissue network that binds human tissues at the cellular level would be a
significant challenge. Additionally, discrepancies in the size of printed anatomical parts were evident.
For instance, the ribs were too short to connect to adjacent structures, and the skin was undersized,
leaving large gaps between sections. These issues stem from the inherent limitations of FDM printing,
such as material shrinkage and warping after cooling [22]. To address these shortcomings, future
studies could explore printing with more flexible materials, allowing for better moulding to the
anatomy.

Another challenge was the labour-intensive manual removal of support materials and assembly
of individual parts, which may have introduced slight positional variations that accumulated during
each attachment. Printing larger anatomical components in a single print may help reduce these
inconsistencies. However, in certain instances, dividing the printed objects into smaller constituents
is necessary in order to integrate different tissues together. For example, the scapulae were excluded
from the phantom due to difficulties inserting their complicated shapes within the surrounding
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muscle layers. Had they been printed in multiple parts, compilation with the muscle layer may have
been possible. Alternatively, multi-nozzle, multi-material printers can integrate heterogeneous
material layers in a single print, albeit at a significant cost [59]. Furthermore, we acknowledge the
limited external validity of the proposed optimum protocols, as they are primarily applicable to
patients with similar body weight and habitus to the one used in developing the phantom. Finally,
as a phantom-based study, this model could not replicate the intricate complexities of a living human
subject. For example, the functional dynamics of a beating heart or the respiratory motion of the
diaphragm and lungs were not simulated. In a clinical setting, motion blur from such physiological
activities can reduce detection capabilities, particularly in low-dose protocols for nodule detection
[31]. Future research would benefit from incorporating these physiological movements to mirror real-
life clinical scenarios more closely.

5. Conclusions

A morphologically realistic chest phantom, incorporating a comprehensive range of thoracic
tissue types, was developed using FDM and SLA 3D printing technologies. While most thoracic
tissues did not achieve radiation attenuation equivalence to the patient, the lungs and lung nodules
closely matched. An ULDCT protocol of 80 kVp and 30 mAs (0.23 mSv) was identified as optimal,
showing the potential to reduce patient radiation exposure while maintaining effective lung nodule
detection for lung cancer screening.
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