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Abstract

Objective. To report on the design of a deformable lung phantom capable of imitating breathing
motion with realistic tissue surrogate properties for proton imaging applications. Approach. The
phantom was manufactured via 3D printing and silicone moulding, with a customised structural
design for motor-controlled breathing motion. The overall size of the phantom was rescaled to fit
in the experimental proton computed tomography (pCT) scanner prototype, featuring a 284 mm
maximum size for the imaging field-of-view. Several flexible resins were evaluated in perspective of
flexibility by varying ultraviolet exposure times, as increased exposure results in resin hardening at
each layer. We optimised the structure to achieve ideal lung compression properties, while
preserving its integrity to hold the weight of a solid tumour. Phantom material properties were
characterised by segmentation of each component in x-ray CT and pCT images, to determine the
CT number expressed in Hounsfield units and the relative stopping power (RSP) with respect to
water. Main results. We achieved non-homogenous compression in the lung using a grid structure
with gradient thickness. The rigid ribcage was 3D printed using granite based material. The tumour
motion implemented in the phantom design, as measured using template-matching in fluoroscopic
x-ray imaging, revealed hysteretic motion with 10 mm peak-to-peak in the superior—inferior
direction. Significance. The developed deformable lung phantom imitated lung motion
characteristics, featuring CT number and RSP values in the range comparable to human tissues.
The developed breathing phantom is put forward for experimental motion studies in pCT imaging.

1. Objective

The development of realistic phantoms is crucial for the verification of advanced irradiation modalities in
external beam radiotherapy. Phantom materials are expected to mimic tissue equivalent properties under
irradiation and material specifications have been developed for imaging and therapeutical applications
(McGarry et al 2020). The complexity and sensitivity of proton interaction to different material composition
(Paganetti 2017) calls for an optimization of the existing phantoms or the necessity of dedicated phantom
developments for proton beam therapy (PBT) (Grant et al 2014), Lourenco et al 2017, Lewis et al 2018). The
properties of phantoms must closely mimic computed tomography (CT) number expressed in Hounsfield
unit (HU) and relative stopping power (RSP) seen in patients, in order to limit the uncertainties caused by
non-tissue-equivalent properties (Farr et al 2021).

© 2025 The Author(s). Published on behalf of Institute of Physics and Engineering in Medicine by IOP Publishing Ltd
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In recent years, phantom development in medical imaging has advanced with the use of 3D-printing
technologies (Laidlaw et al 2023, Filippou and Tsoumpas 2018). The range of printing from solid parts with
finer details to flexible or deformable phantoms benefited from fused deposition modelling (FDM), ink-jet
and digital light processing 3D printing technologies (Hong et al 2020, Hazelaar et al 2018, Lascaud et al
2022). The development of anthropomorphic lung phantoms is very challenging, as the selected materials
need to replicate compressibility properties and realistic organ motion amplitudes. Recent studies have
developed breathing phantoms for potential application in PBT, with a design to mimic full-size human
anatomy (Perrin et al 2017, Colvill et al 2020, Laidlaw et al 2023, Lustermans et al 2024, Abdollahi et al 2024).
Material properties were analysed in terms of CT number (Perrin et al 2017, Colvill et al 2020, Laidlaw et al
2023, Lustermans et al 2024, Abdollahi et al 2024), MRI intensities (Colvill et al 2020) and RSP
(Perrin et al 2017).

In this study, we report on the development of a deformable structure capable of imitating the
non-homogenous lung motion with embedded tumours. A solid realistic ribcage was 3D printed based on a
segmented clinical x-ray CT of an adult patient. The ribcage was rescaled to a factor of 0.61 to fit in the
available proton CT (pCT) imaging system (Johnson et al 2016). A silicon moulding encapsulating the ribs
and lungs was intended to imitate the human thorax tissue, with compression exerted by a stepper motor. A
customised housing with no metal in the imaging field of view (FOV) was utilised. X-ray CTs were obtained
to evaluate and characterise the CT number of the printed tissues and bone materials to the CT numbers
seen in humans. We acquired pCT images for experimental validation, and obtained the RSP of the tissue
mimicking structures in the developed phantom.

2. Approach

2.1. Phantom development

2.1.1. Design and manufacturing of the lungs

To create a 3D printable lung, a CAD model was created in Blender 4.0 (by Blender Foundation) based on a
single basic lattice type cell (figure 1(b)). Chosen for its lack of a straight connection along the compression
axis, the basic cell can compress preferentially along this direction (shown as blue arrow in figure 1). By
repeating the cell structure, larger volumes can be constructed. Each of the cells can be altered separately
e.g. in terms of rod thickness (named as ‘Lung 1.2 mm’, ‘Lung 1 mm’ and “Test cubes’ in figure 4). To
determine an optimal combination of the size of each cell and its thickness, test objects were printed. These
objects were a fraction of the size of the lung to test flexibility, compressibility and CT number. The lung
consisted of 15 x 8 x 4 cells, allowing for the following alterations. To introduce an anisotropic compression
behaviour, the outer size of the lattice cells was scaled down by a factor of 0.85 along the superior—inferior
(SI) direction. Such an arrangement of individual cells effectively reduced the compression force along that
direction, thus facilitating compression of the whole lung structure. Further, a gradient in the thickness of
the rods ranging from 0.4 mm to 1.4 mm along the 15 cells was implemented, providing the freedom to
compresses more in the inferior part (figure 1(c)).

A tumour was embedded as a solid spherical structure, with a diameter of 13.8 mm in the superior/
inferior direction and 13.6 mm in the anterior/posterior direction, located in the inferior region of the right
and left lung. This positioning maximised the range of motion, facilitated by the greater compressibility in
the inferior region due to its thinner rod structures.

The lung was fabricated using a Stereolithography (SLA) printer (Sonic 8 K Mega, Phrozen Technology,
Hsinchu City, Taiwan) employing the FL60 resin (BASF, Ludwigshafen am Rhein, Germany). Among the
several flexible resins, the FL60 was selected based on the flexibility and structural accuracy. As resin-printed
materials need to be cured under UV light, the optimal exposure time was specifically investigated.
Under-exposure can cause inadequate layer bonding and breaks, whereas over-exposure induces the
structures to harden and lose their flexibility. Exposure test objects (Phrozen exposure tester as seen in
figure A2(a)) were printed at several UV exposure times. The exposure tester contains several circles and
rectangles of different sizes, which were measured under the microscope Axiotron II (Carl Zeiss AG,
Oberkochen, Germany) comparing it to the ground truth values of the respective 3D objects. These ground
truth values were obtained for all the uniform shapes in the 3D CAD model using Blender.

In adults, the total lung volume decreases by around 60% from the full inhale (100%) to the full exhale
(Bryan Derrickson 2017). The 3D printed lung structures were aimed to have similar properties and
evaluation of compression tests were carried out by placing the printed lung structures on a weighing scale.
By adding weights on top of the lungs, the force compressing it as well as the compressed height of the
phantom was measured.
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67 mm

Figure 1. 3D model of the lung structure (a) showing the arrangement of the basic lattice type cells (b). The front side view in
panel (c) highlights the gradient thickness of the mesh structure and the spherical tumour. The blue arrow shows the direction of
compression from inferior to superior. The overall dimensions of the mesh structure including the rod thickness at each layer and
the diameter of the tumour is highlighted in (c).

Figure 2. Structure of the phantom: (a) 3D-printed ribcage, (b) assembled phantom components, and (c) top of the housing
showing the stepper motor (SM), the rotating levers (RL1 and RL2), the pushing plate (PL) and PMMA rod (PR).

2.1.2. Torso

The torso aims to imitate the rib-cage and soft tissue of a patient. For the rib-cage, an anonymous patient CT
(Zhao et al 2015) was segmented using the Al-powered tool ‘Total-Segmentator’ (Wasserthal ef al 2023). To
enable 3D printing of the rib cage, several modifications were implemented. These alterations include the
integration of rib-to-vertebra connections and the insertion of three cylindrical artificial support structures
between each vertebra to guarantee structural integrity both during and post-printing. Printing was
conducted using a FDM printer (Ultimaker S5 Pro, Ultimaker, Ultimaker 3 Extended, Utrecht, Netherlands)
with ‘StoneFil Granite’ filament from Formlabs, using a 100% infill density. The printed ribcage can be seen
in figure 2(a). For the soft tissue a silicone rubber material (SF45 by Silikonfabrik) was chosen, as it can
encase the rib-cage. Micro bubbles in the silicone were removed utilizing a vacuum chamber and the inside
of the rib-cage was temporarily blocked during the pouring. The silicone moulding enclosing the ribcage was
later sculpted into a torso to fit inside the space in between the PMMA rods of the housing. The silicone
moulding enclosing the ribcage was later sculpted into a torso to fit inside the PMMA rods of the housing.
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2.1.3. Motion platform

To create a stable motion platform, the torso was encased by a housing, as seen in figure 2(b). The housing
used PMMA rods to connect its upper and lower parts, so that no metal interferes with the proton beam. As
a means to ensure a stable connection, threaded inserts were melted into the rods to firmly connect them to
the top and bottom parts. The top part includes the motorised moving mechanism, while the bottom part
simply provides a rigid surface to withstand the compression forces. Employing a stepper motor (model
QSH5718-56126, by TRINAMIC Motion Control GmbH & Co. KG, Hamburg, Germany) and a pushing
plate mechanism, the mobile platform was engineered for high torque output within a compact and
cost-effective design (figure 2(c)). The pushing plate was connected to the motor via two rotating levers with
a 15 x 6 mm? section, measuring 36 mm and 80 mm in length, respectively. The levers were connected to
each other and to the compression plate so that the distance between the joints is 20 mm for the first lever
and 65 mm for the second one. The two levers translate the rotation of the motor to a linear compressing
motion of the plate, as the plate itself was fixed by the PMMA rods along the SI axis which enabled a range of
motion of 20 mm at 3.614 s for a single breathing cycle.

To control the motor an Arduino UNO (Somerville, Massachusetts) and a stepper motor driver (ACT
DM542, Changzhou ACT Motor Co., Ltd, Jintan District, Changzhou City, Jiangsu Province, China) is
located outside of the housing. Due to its high voltage and high current capability the stepper motor can
operate at sufficient torque of 1.26 Nm, which is necessary to provide the required force to compress the
lungs.

2.1.4. Motion assessment

The phantom was designed to operate in static and dynamic mode. In dynamic mode a full breathing cycle of
20 mm of lung motion at 3.614 s was implemented. In static mode, a full inhale and a full exhale imitating
breath hold technique can be carried out. To evaluate the movement of the phantom, 2D fluoroscopic x-ray
images were acquired using cone-beam CT system (ImagingRing, med-Photon GmbH, Salzburg, Austria)
with the phantom in dynamic mode. A sequence of 2D fluoroscopic x-ray radiographs for 12 breathing
cycles were acquired using the CBCT scanner by placing the phantom at 0° (frontal view) and 90° (lateral
view) with respect to the detector panel (figure 3). Adaptive histogram equalization filtering was applied to
improve the visibility of the tumour, with image intensities normalised between 0.0 and 1.0. A binary mask
of the tumour was created and a rectangular bounding box enclosing the tumour was selected as a template
in a single frame. Next, a fixed region of interest (ROI) covering the tumour and most of the left lung was
selected manually in both projections (i.e. one region per projection), as highlighted in yellow in figure 3.
Using the cross correlation as a similarity metric, the template of the rectangular tumour box was matched in
the selected ROI. The tumour was then tracked in all frames in both frontal and lateral view projections. The
coordinates of the centroid of the bounding box denoting the centroid of the tumour were identified to track
the motion in SI, posterior—anterior (PA) and lateral-medial (LM) directions. The workflow of the tumour
tracking using the template matching approach is shown in figure 3.

2.1.5. Volumetric imaging assessment

One of the critical parameters for evaluating the quality of the phantom is the CT number of each
component. To assess the CT number of each component, CT scans were conducted using the same scanning
protocol at the Department of Radiation Oncology in the LMU University Hospital (Toshiba Aquilion LB
(Canon Medical Systems, Otawara, Japan)). This CT scanner is used for the acquisition of planning CTs for
photon therapy. The protocol utilised a tube voltage of 120 kV with a current of 250 mA, and featured a slice
thickness of 0.5 mm. The phantom was scanned in both compressed and uncompressed states to evaluate the
variation in CT number during compression. Additional samples, such as test cubes structures at different
thickness and single vertebras and ribs, were also scanned for comparison of CT numbers. The CT number
for corresponding parts were measured in 3D Slicer Software (www.slicer.org, Fedorov et al 2012), from the
acquired CT volume. In addition, nine clinical planning CT images from lung tumour patients acquired at
the LMU University Hospital were selected for evaluation of CT numbers in patients. The segmented tumour
and lungs used for treatment planning of the respective patients were eroded with 2.1 mm and 3.3 mm
kernel to mitigate the manual contouring uncertainties. Whereas the ribs and iliopsoas muscle were
segmented using the ‘“Total-Segmentator’ in the respective patients CT.

Further a pCT scan was conducted at Northwestern Medicine Chicago Proton Center (Warrenwille, IL)
to evaluate RSP values. The pCT system (Johnson et al 2016) uses 200 MeV protons from a therapeutic
beam-line, which is not an inherent part of the scanner, and a multistage scintillator detector. It features a
100 mm FOV in the SI direction, with a 284 mm separation between the tracking detectors (each with 4
planes) and a rotation stage with a mounting table measuring 235.9 mm by 206 mm. The phantom was
specifically designed to conform to these dimensions and can be directly mounted onto the rotation stage.
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Figure 3. Workflow of the tumour tracking procedure based on template matching. Image intensities in the projection images are
normalized in the [0, 1] range and the highlighted regions show the manually selected ROI. A tumour template is created based
on a tumour mask segmented on one of the frames. The rectangular bounding box shown in red in the right panels shows the
tracked position of the tumour according to template matching.

The phantom was operated in static mode exhibiting either full inhale or full exhale. In total about

360 million protons were acquired at approximately 1 MHz counting rate. The rotating table has a rotation
speed of 1 rpm, which means that it rotated 6 times during that run. This was an arbitrary setting in order to
collect enough particles and ensure relatively low noise in the resulting pCT image. From these continuous
runs, projections of 1° steps can be obtained in the post-processing of the data, since every proton has an
associated time stamp and can be attributed to the correct projection angle, given that the rotational speed of
the table is known. The scans were conducted with a broad wobbled beam. To reconstruct the scan a distance
driven binning filtered back projection was used (Rit et al 2013). The pCT was segmented using 3D Slicer as
well. To reduce the effects of reconstruction noise, the regions were segmented manually and by avoiding the
edges of the respective tissues, tumour and bone. The volume sizes were aimed to stay at the similar range for
both pCT and CT.

3. Main results

3.1. Phantom material characterization

Fine tuning of the exposure time was obtained using the evaluation of exposure tester dimensional accuracy
(figure A2(a)): an exposure time of 8 s per layer was chosen to ensure high printing accuracy and stability for
the lung, followed by a curing time of 6 min in the Phrozen Cure Mega curing chamber.

Figure 4 reports the CT numbers of the phantom materials. The observed average CT number difference
between the compressed and uncompressed lung amounted to 75 HU. For the uncompressed lung the
observed CT number was —835 + 189 HU and for the compressed lung —760 + 224 HU. CT numbers of
95 + 14 HU were measured for the tumour. In the ribcage, we found 746 & 43 HU with the motor stage and
823 + 38 HU without the motor stage. The tissue around the ribcage had CT numbers of 215 & 11 HU. The
results are listed in table 1. The x-ray CTs acquired in static mode of the phantom displaying the exhale and
inhale phases are shown in figure A3. The relation between the force applied and the compression of the
phantoms is displayed in figure A2(b).

3.2. Lung motion
Tumour tracking in dynamic mode using template matching showed that the maximum motion of the
tumour is along the SI direction, measuring 9.7 mm and 10.4 mm in the 0° and 90° projection, respectively

5
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Figure 4. Average CT numbers and standard deviation given as error bars, for test objects with different rod thickness and sizes,
and phantom components. The final components selected for the phantom are highlighted in darker colour for the bars and bold
text description. Shaded areas represent CT number ranges of human equivalent.

Table 1. Measured CT number and relative stopping power (RSP) highlighted in bold for the phantom tissue types, compared to
patients CT and literature values.

Phantom CT Patients CT Schneider et al
Tissue number (HU) number (HU) Phantom RSP (1996) (RSP) Perrin et al (2017) (RSP)
Ribs 823 + 39 399 4+ 227 1.31 £ 0.06 1.329,1.413 1.21 (unknown material)
Lung —835 + 189 —788 + 149 0.17 £ 0.16 0.258 0.07 (foam)
Tumour 95+ 14 —39 £ 105 1.12 +0.06 — 0.54 (maple wood)
Soft tissue 215411 33 + 35 (muscle) 1.05 £ 0.07 0.979 (adipose), 1.10 (silicone)

1.029 (breast),
1.044 (muscle)

(figure 5). An estimated motion of 1.9 mm in PA direction and 2.5 mm in LM direction was also observed
(figure A1).

3.3. pCT imaging assessment

In figure 6, one can see the pCT with well visible tumours, spine, lungs and tissue. The segmented ROI
dimension in pCT and CT volumes were shown in table A1, including the ROI in figure A4. The RSP values
can be seen in table 1.

4. Significance

In this study, a deformable breathing lung phantom was designed and manufactured. The CT number and
RSP ranges have been examined, as well as the mechanical functionality and motion of the breathing
mechanism. The evaluation of CT number and RSP was done by CT and pCT scans respectively (table 1). As
the primary objective of this phantom was mimicking CT number and RSP values while being deformable,
the use of tissue equivalent material was of large importance. In the CT number domain, the lung and
tumour of the phantom was in a comparable range with respect to human tissues from the clinical CT
(table 1). The CT numbers for ribs and the soft tissue show the further necessity to explore the material to
attain the same CT number as its patient counterparts. The tumour motion amplitudes stayed realistic in its
counterparts to human tissue (Knybel et al 2016). The RSP values of the phantom was being congruent
within the first standard deviation with the literature values (Schneider et al 1996, Perrin et al 2017). It can
be noticed from table 1 that the CT numbers of soft tissue were higher than the tumour values, whereas the

6
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Figure 5. Tumour motion in the superior—inferior direction obtained using template matching from the 2D x-ray radiographies.

Figure 6. Overlay of compressed (green) and uncompressed (pink) pCT with embedded tumours in (a) axial, (b) coronal and (c)
sagittal views at a window/level = 1.17/0.65 (RSP values).

RSP in the soft tissue was measured lower than in the tumour. In general, we would expect increasing RSP
values for tissues exhibiting increasing CT numbers. However, different sources might have affected the
reported comparison. Peters et al (2023) showed the necessity of standardisation across particle therapy
centres to overcome the inconsistency of RSP prediction from CT numbers. More specifically, CT numbers
significantly vary due to size dependent beam hardening and location of the inserts. This might have affected
our specific results, as the phantom was significantly smaller than an average patient, and tissue
segmentations were located at different positions in the FOV. As shown by (Dedes et al 2022), the RSP
accuracy of the pCT system (Johnson et al 2016) is expected to be around 1%, but significantly higher
percentage errors may arise for porous material. Among the phantom materials, the soft tissue was moulded
with silicone, where specific procedures were implemented to reduce the impact due to bubble formation
during pouring. Nonetheless, the reduced RSP values might be a sign that bubbles were not fully removed,
thus determining lower values that expected. Future work will therefore address optimization of the soft
tissue component in the phantom, as well as consider standardized procedures to measure CT numbers and
RSP values, in agreement with the consensus guidelines reported in (Peters et al 2023). The CT scans for the
ribcage was performed without the motor stage, as the metal leads to artefacts that change the CT numbers

7
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of bone in close proximity. It can also be noticed that CT number in the final ribcage are lower than the
corresponding values in the test bone samples. In the final print of the ribcage, the 100% infill was
maintained, but the flow rate was not optimized, as was done by (Lascaud et al 2022), which explains the
lower CT number (figure 4). This resulted in CT number lower than compact bone, but closer to the range
reported for ribs in patients. Such a choice represented a compromise, as the spine and ribs were printed with
the same material. Future developments for the phantom may include the use of granite material at different
infill for the spine vs. the ribs component.

The custom designed housing fulfilled all desired requirements and reduced the metal in the FOV to a
minimum in the pCT scanner, while being able to withstand the forces exerted on it. However, the metal
artefacts were inevitable in the CT scan as the phantom design was not able to imitate the patient lying on the
couch, showing the necessity of further improvements to the design of the phantom to perform a complete
clinical dry-run. The current design could also be further improved especially handling the slight
displacement error in between full exhale and full inhale seen in the boundaries of the torso in figure 6. The
manufacturing of the torso with the use of silicone moulding was challenging, because of bubbles forming in
the pouring process. Specific countermeasures were applied, and bubble formation was minimised with the
use of a vacuum pump before pouring.

A limitation in the current phantom design is the coupling between the lung structure and the ribcage. In
future, we plan to mould the silicone in a way to hold the lung in a reproducible position, as well as to
consider more realistic lung structures.

3D printing allowed for a construction of deformable structures, while staying in the CT number range
close to the human tissues. To achieve an-isotropic compression behaviour in the lung, an altered shape and
a thickness gradient were implemented, which enhanced not only the compression behaviour along each axis
but also achieved control over the amount of compression in each layer of the lung resulting in the larger
motion towards the diaphragm region. As the behaviour of the lung is determined by its flexibility, the
lifetime is dependent of exposure to UV-light, which causes stiffening. The impact of such an exposure on
the stability of compression properties over time has not been specifically investigated, and will be part of
future work. The selection of the material for the lung focused on flexibility, and the desired behaviour of the
FL60 resin was enhanced through variation of exposure times in the exposure tester structures (figure A2).
Whereas printing of thin structures can lead to a collapse under its own weight, such problems were
mitigated by using support structures to sustain the weight of the lattice structure during the printing
process. The force-compression curve resembling a sigmoid shape unfolds the lungs ability to stretch and
expand (figure A2(b)).

The tumour motion was evaluated based on the template matching algorithm and strongly depended on
the visibility in the 2D x-ray radiographies. However, the observed tumour motion was well in the range of
the physiological tumour (Knybel et al 2016) and found satisfactory. The tumour tracking using template
matching showed a consistent breathing pattern over repeated experimental sessions. The compression of the
lung structure through the PMMA plate was estimated to be around 20 mm, with a peak-to-peak tumour
motion around 10 mm along the SI direction. The phantom was kept at the same location for both frontal
and lateral radiographs. However, a difference of 0.7 mm concentrated on the expiration pause in figure 5
was observed between 0° and 90° radiographs. The observed difference is mostly dependent on the 3D
location of the tumour in the FOV of the CBCT scanner. When a given object is positioned off centre with
respect to the rotation axis of the CBCT scanner, the distance with respect to the x-ray source and detector
panel is angle dependent. This results in a different magnification factor between the ground truth motion in
3D and the projected motion on the detector panel (Yang ef al 2006). The small difference may also be partly
related to the accuracy of the implemented template matching model, as it depends on the acquired
radiograph quality and the applied post processing imaging filters.

In conclusion, the developed phantom was put forward for experimental motion measurements in pCT
imaging. Due to its modular housing design further alterations to reduce metal parts and achieve reduced
artefacts can be implemented if necessary. In addition, certain tissue properties can be further improved to
achieve a consistent CT number and RSP values. In future, the adopted lung structures could be further
optimised, and expanded in shape and volume as a human lung by 3D printing.

Data availability statement
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Appendix
Table Al. Segmented ROI volume size for CT number and RSP evaluation.
Region Bone Lung Soft tissue Tumour
Phantom x-ray CT 6473.31 mm’ 19 707.1 mm® 28 779.2 mm’ 1195 mm’
Proton CT 7784 mm’ 254 080 mm’ 174 871 mm’ 1039 mm’
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Figure Al. Tumour motion in posterior—anterior (a) and lateral-medial (b) direction obtained using the respective projections.

100.0
%
- xx %
(a) £ % g 701
97.5 E
T $ 60
f~ 1 s
T 9.0 .
= £ 50+
® e
g 92.5 b=
S 2 401
= g
g 007 | 3
S £ 301
@
§ 575 | >
E § 201
8 —— Lung 1Imm #2
- v
85.0 s 10 = Lung Imm #1
£
I S Lung 1.2mm
8259 1 | Phrozen exposure tester o4 »~— max. compression lung
e S S e SUE LU , T T - : -
35 40 45 50 55 60 65 7.0 7.5 80 85 90 0 10 20 30 40 50
Exposure time [s] F[N]
Figure A2. Evaluation of dimensional accuracy of printed ‘Phrozen exposure tester’ with respect to the ground truth (a) and the
force required for the compression of lung structures (b). The lung was printed at an exposure time of 8 s and a gradient of rod
thickness from 1 mm to 1.4 mm.
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Figure A3. Clinical x-ray CT showing exhale (a) and inhale (b) phase in static mode at a window/level of 2000/0 HU.

Figure A4. Segmented regions of interest in the phantom pCT image (a) and a patient x-ray CT (b).
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