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ARTICLE INFO ABSTRACT

Keywords: Background: Total-body irradiation (TBI) is a specialised radiotherapy treatment used alongside chemotherapy to
Phantom prepare leukaemia patients for stem cell transplants. For commissioning and validation of conformal irradiation
Additi_"e_ma““facmri“g techniques, anatomically detailed phantoms of the whole body play an important role. This study aimed to create
g]zsi:::rl;g a cost-effective modular phantom of the lower extremities that can be combined with a commercial torso

phantom, thus enabling the optimisation of TBI treatment planning and dose delivery.

Methods: We designed a modular leg phantom consisting of five key components: foot, calf, knee, thigh, and hip.
Variants of knee and hip allow for both straight and angled leg positions. Inserts for dosimeters are integrated
into the knee and hip joints, as well as within femur and fibula. To assess the phantom functionality in TBI, we
analysed a currently used static-field technique and studied the feasibility of an intensity-modulated sweeping-
beam technique.

Results: We employed 3D printing to create hollow structures of bones, pelvis, and legs, which we filled with
surrogate materials representing soft tissue and bone marrow. We simulated cortical bone with a gypsum
coating. The CT numbers of soft tissue and bone surrogates align accurately with literature data. The material
properties remained stable even one-year post-manufacturing, ensuring long-term use of the phantom. First dose
verification measurements for the static-field technique show an agreement with the prescribed dose within less
than +10 %.

Conclusion: The cost-effective modular phantom can be combined with a commercial torso phantom, allowing for
the optimization and verification of various CT-based TBI techniques.

Total-body irradiation
Leg phantom

1. Introduction Well-established TBI techniques employ rectangular opposing fields

in different combinations. For high-dose myeloablative regimens, these

Total-body irradiation (TBI) is a specialized form of treatment,
which, in combination with chemotherapy, is often used to prepare
leukaemia patients for bone marrow stem cell transplants [1]. By irra-
diating the entire body, the immune system is suppressed to prevent
rejection of the transplanted stem cells [2]. If using high TBI doses, i.e.,
of the order of 12 Gy, the treatment is myeloablative and has the purpose
of destroying tumour cells, particularly in sites that cannot be reached
by chemotherapy (such as the brain). Quality assurance is crucial in TBI,
as successful treatment requires delivering a sufficiently homogeneous
dose to the whole body, with relative deviations from the prescribed
dose within +£10 % [3]. However, it is equally important to reduce dose
to certain radio-sensitive organs in order to minimize side effects and
long-term damage [3-5].
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techniques involve the use of metal absorbers to reduce lung dose [6].
Also, thanks to recent technological improvements, modern irradiation
techniques are evolving towards intensity modulation, with irradiations
taking place either on the treatment couch or at extended source-to-
surface distance (SSD) [7-12]. Independent on the implemented tech-
nique, it is of paramount importance to accurately plan and delivery TBI.
Conformal techniques need CT images of the whole body, a fast method
for contouring, the development of planning protocols, accurate
dosimetry, and image verification [13]. Existing approaches for imple-
menting sophisticated TBI techniques are heterogeneous, therefore, in
the future, dosimetry audits for TBI will become necessary, as recently
discussed by Misson-Yates et al. [12]. In fact, dosimetry audits and
commissioning of new techniques play an important role in every field
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of radiotherapy. Audits, in particular, ensure a high level of dosimetric
accuracy and are thus necessary to participate in clinical trials [14].

Physical anthropomorphic phantoms play a crucial role in quality
assurance for radiotherapy by enabling accurate image-based dose cal-
culations and plan optimization. Moreover, these phantoms provide a
reliable physical anatomical model for ensuring precise dose measure-
ments during irradiation. However, commercially available phantoms of
the whole body, as well as add-ons for extremities, are very expensive
and are typically designed for a specific purpose. Also, they are not
suitable for dosimetry in their standard configuration [15-17]. There-
fore, in most cases, TBI dose verification is carried out with simple
geometrical phantoms (cylinders, slabs) or anthropomorphic phantoms
of the sole torso [12].

The aim of this work was therefore to develop and manufacture a
cost-effective tissue-equivalent leg phantom, which can be combined
with a commercial upper-body phantom to form a whole-body phantom
for quality assurance and optimisation of TBI and further whole-body
techniques, such as total-marrow or total-nodal irradiations. Different
leg positions will make it possible to optimize treatment planning,
compare different techniques, and verify dose at standard and extended
SSD.

2. Materials and methods

For the development of the leg phantom, we used the workflow for
3D printed phantoms presented in Wegner and Krause [18]. This
methodological approach structures the development, similar to the
standard VDI 2221 of the German Association of Engineers [19], into
four phases: (i) planning, (ii) concept, (iii) design, and (iv) validation.
While the first three phases are described in this section, the validation
of the phantom will be part of the results section. Since the phantom is
intended for use in TBI studies, we will describe in the following some
application examples.

2.1. Phantom planning

A very important step during phantom planning is the collection of
requirements. With the help of a survey tool that we developed in pre-
vious work [20], we collected requirements for a quality assurance
phantom to be used in radiotherapy and in computed tomography (CT),
as shown in Table 1. In particular, the phantom developed in this work
should extend the commercial Alderson Radiation Therapy (ART)
phantom (Radiology Support Devices Inc., CA, USA), which is an upper-
body phantom. Furthermore, due to the variety of available TBI tech-
niques, it should be possible to arrange the legs in a straight position,
with the help of patient knee and foot pillows, as well as in a bent po-
sition, where no pillows are needed and the feet are flat on the patient
table. The set-up should be reproducible for CT imaging and for irradi-
ation at a linear accelerator. Dosimetry should be possible in different
locations with different detectors as well as with dosimetry films. For an
accurate dose calculation, the phantom materials should mimic soft
tissue, bone marrow, and cortical bone, respectively.

2.2. Phantom concept

A side view of the derived phantom concept in both positions is
displayed in Fig. 1. The concept image is based on a Modular Interface
Graph (MIG) [21,22], which is used in product development to illustrate
the components of a product family and their class (standard, variant,
optional, or individual). The phantom components are: foot, calf, knee,
thigh, and hip. Among these components, three are standard, while knee
and hip are variants for the two leg positions (flat and bent, respec-
tively). This means that the final phantom will comprise two modules for
knee and hip, which are specific for each position. On the one hand, we
disregarded a joint solution for knee and hip, since the joint mechanism
would have taken too much space. On the other hand, we could
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Table 1
Excerpt of the requirements collected for the leg phantom.

Category Answered Phantom
Requirement
Classifying Type Physical
Characteristics Purpose Quality assurance
(Dosimetry)
Area of Medical imaging  CT
application Image-guided Yes, Radiotherapy
therapy
Anatomy Topographical Lower extremities
anatomy

Bone (cortical and bone
marrow),
soft tissue

Organs/ tissues

Degree of Geometrical mapping Object based
Reality Physiological mapping Quasi-static
Image modality mapping Realistic/ high
Medical therapy mapping Realistic/ high
Custom Design Production In-house
Characteristics Dosimetry Yes, radiochromic film,

ionization-chamber, OSL-
chips

Maximal length 100 cm
Medium shelf-life (a few
months to one year)
Material costs under 200€

Size dimensions
Shelf-life-time (Stability)

Production costs

Transportability Transportable; under 10
kg weight
Reproducibility Reproducible set-up of the

phantom both for imaging
and irradiation

Other Two leg positions needed,
1. flat on patient pillows
(10°) and 2. bent on table
(45%)
Needs to be connected to
the ART upper body
phantom
Dosimetry Insert 2 x 2 cm

implement a joint solution for the foot, so that it can be adjusted be-
tween the flat and bent position. Each phantom component will be
mirrored after design resulting in a left and right leg, which thus will be
symmetrical.

To identify suitable tissue surrogates, we carried out initial material
tests, using cylindrical samples, before selecting the final surrogate
mixtures. The key criterion was to achieve corresponding tissue-
equivalent CT numbers. During material selection, we decided to use
3D printing for the direct production of the legs. In particular, we found
that the 3D printing of the phantom outer shell and the hollow shell of
the bone structure would be more effective, with a consequent addition
of surrogate mixtures during post-processing.

2.3. Phantom design

To design the connection between the leg phantom and the ART
upper body phantom, we created 3D models of bones and body shape.
These models are useful to accurately position the bones within the leg
phantom and to design its external shape at the connection point. The
3D models were generated from a CT scan of the ART phantom using 3D
Slicer [23] (Fig. 2a,b). A similar process was followed for the patient
pillows to ensure proper fitting of the final legs. Freely available D
stereolithography (STL) models of femur, tibia, and fibula were sourced
from the online database Sketchfab (Sketchfab, Inc., NY, USA). All STL
models were arranged and post-processed using Autodesk Meshmixer
(Autodesk, Inc., CA, USA). (Fig. 2c). After smoothing and removing
bumps, indentations, and sharp edges, we imported the model into
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Fig. 1. Side view of the concept for the left side of the leg phantom, showing the phantom components and positions.

Fig. 2. From CT images to a 3D phantom model: a) transversal CT image of the ART phantom at the hip level with segmented bone structure. b) derived 3D pelvic
bone model. ¢) STL models of patient pillows and bones, visualized in Meshmixer.

Autodesk Inventor (Autodesk, Inc., CA, USA), where we then designed
each component of the leg.

Fig. 3 shows the 3D model of the complete leg phantom on the pa-
tient cushions and in the bent position. The leg phantom has a total

length of 93.5 cm and a maximum width of 32.7 cm. For a more efficient
manufacturing, we divided the outer shell of each component into
multiple parts, based on size and assembly sequence. The bones were
embedded within the outer shell, which is characterized by a thin wall

Dosimety
Pelvic adapter
bone
Connection
to upper
body
; Femur
c d

Dosimetry
adapter

Femur

Connection

Filling hole for
bone marrow

e

Fig. 3. CAD images of the leg phantom. a) flat position with patient pillows in black. b) bent position. ¢) view into the left hip. d) view into the left thigh. e) Foot with

joint to realise different positions.
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thickness to allow for filling with bone marrow surrogate after
manufacturing (Fig. 3c). Since the outer shell itself will be filled with a
soft tissue surrogate, each part is provided with filling holes or openings.
Moreover, we designed plug-in and screw connections to assemble the
individual components. A rod enables one to connect the hip to the
upper body, fixing the slices of the ART phantom in place.

Four access points for an ionization chamber adapter are distributed
along each leg: in the hip, calf, knee, and thigh, respectively. The
chamber measuring points are always located in the centre of the bone
(Fig. 3d). Additionally, two slots for radiochromic film are incorporated
into the knee. To adjust the foot angle, we constructed a rail within the
foot component. This ensures forward and backward movement by up to
2.5 cm and a rotation of up to 90° (Fig. 3e). The locking mechanism
consists of a screw, so that the foot module can be used in both flat and
bent leg phantom positions. All components were initially designed for
the left leg and then mirrored to create the right leg. However, we had to
slightly modify the hip components in order to optimize the connection
to the ART upper body phantom, as the ART is not completely
symmetrical.

2.4. Phantom manufacturing

All components of the leg phantom are additively manufactured with
an HP Designjet 3D (HP Inc., CA, USA) using the Fused Deposition
Modeling (FDM) process (Fig. 4a, b) and an acrylonitrile butadiene
styrene (ABS) material. Once additive manufacturing was complete, we
removed the support material, manually as well as with a chemical so-
lution bath, using the HP Designjet 3D Removal System.

In the next step, we coated all bone structures with two to three
layers of plaster bandages for simulating the cortical bone (Fig. 4c). To
protect the plaster from moisture, we then applied clear varnish as the
final coating. Components that had to be divided into several segments,
due to the limited printing space of the 3D printer, are connected and
fixed with an adhesive (3 M Scotch-Weld SF20).

The final operation for completing the phantom was the choice of
tissue surrogates: for the bone marrow, we prepared a mixture con-
taining 75 % in weight of Vaseline and 25 % in weight of di-potassium
hydrogen phosphate (K;HPO4). This mixture can be heated in a water
bath and poured into the bones (Fig. 4d) [24,25]. Constant stirring and a
temperature of at least 60 °C is needed to generate a homogeneous
mixture. After having filled the bones and sealed them with a plug, we
prepared the soft tissue mixture, consisting of i) a liquid mixture of
agarose (2 wt%), ii) carrageenan (1.5 wt%), iii) CaCOs (2 wt%), and iv)
water (94.5 wt%) [25,26]. Also in this case, we heated the mixture in a
water bath to approximately 70 °C prior to filling up the hollow parts.
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2.5. Phantom use in TBI

As described above, the total prescribed dose in TBI typically ranges
between 2 and 12 Gy, with 2 Gy per fraction. Irradiations are usually
performed twice a day with breaks of 8 to 12 h. In the myeloablative
case, it is recommended to limit the mean dose to the lung to a maximum
of 10 Gy [27,28]. We tested the phantom use in TBI for future com-
parison of two different techniques, namely, the static-field technique
currently used in our institution and a so-called sweeping beam tech-
nique [9,10]. In both cases, we irradiated the whole-body phantom
(ART phantom and leg phantom) with high-energy x-rays at a True-
Beam® medical linear accelerator (Varian Medical Systems, Palo Alto,
USA), as specified below.

2.5.1. Whole-body CT images of phantom

To obtain whole-body CT images of the phantom, we used a so-called
stitching scheme: (i) we imaged the phantom twice (head first and feet
first, respectively) with our clinical CT scanner (SOMATOM Go.Open
Pro, Siemens Healthineers, Munich, Germany). Since the maximum scan
length is 130 cm, the two images overlap in the region of the lower torso.
(ii) To obtain a common coordinate system between the two images, we
placed three markers in the overlap region, at the phantom surface. (iii)
We stitched the images by first using a landmark-based registration,
implemented with the SimpleITK software package [29]. In order to
further stabilize the registration performance, we then set the landmark
registration as the initial point for an intensity-based rigid registration.
In fact, the intensity-based registration takes not only the landmark
position into account, but also the CT values within the whole region of
overlap, thus resulting in a more accurate whole-body image. We then
imported the whole-body CT images into the treatment planning system
Eclipse™, version 16.1 (Varian Medical Systems, Palo Alto, USA) for
treatment planning.

2.5.2. Static-field technique

The static-field technique implemented in our department consists of
a combination of fixed-gantry, opposing-field arrangements. For a total
dose of 12 Gy, five fractions are delivered with two opposing right-left
lateral fields. The patient is positioned, supine and with bent legs, at
an extended SSD of approximately 350 cm (see Fig. 5a). We correct for
dose inhomogeneities due to different body thicknesses with the help of
a dose build-up spoiler and PMMA compensators. During the sixth
fraction, we combine anterior-posterior (AP) and posterior-anterior (PA)
opposing fields and reduce lung dose to a maximum of 10 Gy by creating
a patient-specific lung transmission block. The patient lies supine (or
prone) with flat legs at an extended SSD of about 190 cm, at a short
distance from the floor. The dose is delivered with three pairs of
opposing AP-PA fields, having the isocenter in the head-neck, torso-

Fig. 4. Manufacturing process: a) Printing preparation, as visualized with the HP Designjet 3D Software Solution. b) FDM printing with the HP Designjet 3D printer.
c) application of plaster to the bone structures. d) pouring the bone marrow mixture.
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Fig. 5. Schematic representation of the TBI techniques to be compared. a) Static-field lateral irradiation. b) Static-field ventral irradiation with three isocenters and

the use of lung blocks at the first isocenter. ¢) Sweeping-beam technique.

femur, and lower-extremity regions, respectively. The field sizes are
determined based on body parameters, such as diameters and lengths
(see Fig. 5b). The three isocenters are placed in such a way, that the
fields are as close together as possible while minimizing overlap at the
field junctions. Placed on a couch that can be translated, the patient is
set to the first field position (head-neck). The field boundary on the
patient’s skin is then labelled to use as a guide for positioning of the
subsequent treatment fields. The patient is then set to the third field
position (legs), and after labelling the field boundary, the field size pa-
rameters for the second field (torso-upper legs) are also recorded. Lung
transmission blocks are created based on patient anatomy and CT im-
ages, and placed in the beam during the AP-PA irradiation of the torso
(Fig. 5b). Since the treatment planning system (TPS) in our institute is
not commissioned for SSD >120 cm [30], we calculate the dose manu-
ally with the help of tabulated data [31]. The reference point for
delivering the prescribed dose of 2 Gy is set to be the beam isocenter. For
the static-field technique, we typically work with a 6 MV x-ray spectrum
in the case of AP-PA irradiations and with 15 MV in the case of lateral
irradiations, respectively.

2.5.3. Intensity-modulated sweeping-beam technique

For future modernization of the irradiation technique, which could
avoid the production of lung blocks and allow for the use of standard
treatment rooms, we are investigating an intensity-modulated sweeping-
beam technique, similar to those introduced by Jahnke et al. [9] and
Pierce et al. [10], which consists of two partial plans. The patient is
positioned like for the static-field AP-PA irradiation (Fig. 5b) but, in this
case, the gantry sweeps over the patient starting at an angle of
approximately 50° and ending at about 320° (Fig. 5c). This approach
requires CT-based radiation treatment planning, which we carried out
with the EclipseTM TPS, version 16.1 (Varian Medical Systems, Palo Alto,
USA). We first needed to define some structures for plan optimization, in
particular, body and lungs. Moreover, to ensure gantry rotation beyond
head and feet, we extended the transversal CT images by one slice before
the first and after the last layer, respectively. Each plan (AP and PA)
includes two fields, 10 cm x 22 cm in size, rotating clockwise and
counter-clockwise in the angular range 320°-52°, with collimator angles
set at 5° and 355°, respectively. The sweeping-beam technique will be
implemented with a 6 MV X-ray spectrum. The clinical use of this
technique in our department will be established as soon as the TPS
commissioning for extended SSDs will be completed, therefore the data
shown is this work are limited to feasibility.

2.5.4. Dose measurements

We carried out first dose measurements to analyse the usability of the
whole-body phantom. For the static-field TBI technique, we measured
the absolute dose with an ionization chamber and dosimetry films, while

we compared relative dose profiles for the SB technique. In particular,
we positioned Gafchromic™ EBT3 dosimetry films (Ashland, Wilming-
ton, USA) inside the phantom in the transversal plane in correspondence
of relevant anatomical regions, such as head, thorax, abdomen, heap,
and knee (see also Table 4 and Fig. 8). Moreover, we positioned a cali-
brated ionization chamber (CC04, IBA Dosimetry GmbH, Schwarzen-
bruck, Germany), embedded in a water-equivalent adapter, in
correspondence of hips and knee, respectively. While the ionization
chamber was calibrated in a secondary-standard laboratory in terms of
dose to water, we calibrated the films at the TrueBeam® by placing them
at the depth of maximum dose in a water-equivalent plate phantom and
taking the ionization chamber as the reference.

3. Results

The results are structured into three key sections: CT imaging, dose
verification of the static-field TBI technique, and dose-profile measure-
ment to investigate the feasibility of the sweeping-beam technique.
These aspects allow for a comprehensive evaluation of the phantom’s
performance and its potential applications in TBL

3.1. CT imaging

Fig. 6 shows the complete whole-body phantom, both with flat
(Fig. 6a) and bent legs (Fig. 6¢) together with the newly designed and
manufactured leg phantom. We replaced the lower part of the ART
phantom (starting from slice no. 31) by the pelvic module developed in
this study. The corresponding CT images show an excellent qualitative
contrast between soft tissue and bone surrogates. We measured the CT
numbers in rectangular regions of interest, 30 mm x 50 mm in size, and
calculated mean values from several slices. The average results are
summarized in Table 2, together with literature data for comparison. A
long-time analysis, carried out by scanning the leg phantoms four times
over a period of 14 months, demonstrates that, while the bone-marrow
surrogate remains stable in terms of volume, the soft-tissue surrogate
tends to dry up, as can also be seen in Fig. 6b. Also, the materials become
more compact with time: the mean CT numbers for soft tissue increase
during the first few months, while those for bone marrow decrease, with
their standard deviations continuously decreasing. For both mixtures,
the CT numbers remained then stable one year after manufacturing
(Table 3).

3.2. Dose verification of the static-field TBI technique

Table 4 summarizes the mean dose values obtained with the
dosimetry films. Here, we evaluated an area of (2.5 x 2.5) cm? in the
central part of each film, i.e., approximately along the phantom midline.
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Fig. 6. Final whole-body phantom, consisting of ART torso and the leg phantom prototype manufactured in this work. a) Legs in flat position. b) Example of sagittal
CT image of legs in flat position, scanned a few days after production. The black squares correspond to the positions of water-equivalent adapters (or plugs) to insert
an ionization chamber for dose measurements. c) Legs in bent position. d) Example of sagittal CT image in bent position, with inserted plugs, scanned 14 months after
production, showing that the soft-tissue surrogate lost some volume and that air fills gaps between surrogate and external material. e) Coronal CT image of the pelvic

region, showing a smooth connection between ART torso and leg phantom.

Table 2

CT numbers in terms of Hounsfield Units (HU) measured during this work for
relevant tissue surrogate types and corresponding values found in the literature.
The values for the leg phantoms are those measured one day after
manufacturing.

Tissue Literature values ART phantom Leg phantom

Soft tissue 20-90 HU [32] —1.5+ 20 HU 35+ 15 HU
50 HU [33]
50-60 HU [34]

Bone marrow 100-250 HU [35] 210 + 50 HU 160 + 90 HU
—120-600 HU [24]

Compact bone 250-1200 HU [35] 990 + 230 HU 750 + 200 HU

Up to 2000 HU [33]

Table 3

CT numbers in terms of Hounsfield Units (HU) measured during this work for the
soft-tissue and bone-marrow mixtures at different time points after
manufacturing.

Time after manufacturingin 1 5 60 430

days

Soft tissue 35+ 15 35+8HU 50+5 50 + 5 HU
HU HU

Bone marrow 160 + 90 160 + 40 90+ 8 100 £+ 10
HU HU HU HU

We also measured the absorbed dose with the ionization chamber,
placed in the appropriate insert, at two different points (hip and knee). If
considering the relative experimental uncertainty of about +15 %
(confidence interval of 95 %) for film dosimetry, these preliminary re-
sults are in good agreement with the prescribed dose.

3.3. Feasibility study of the sweeping beam technique

Thanks to the whole-body CT-images obtained with the procedure
described in Section 2.5.1, we tested the feasibility of the SB technique
and methods for accurate patient positioning (Fig. 7). Despite the fact
that the treatment planning system does not calculate the dose correctly,
Fig. 8 demonstrates that the horizontal and vertical profiles of the

Table 4

Dose measurements in correspondence of some relevant anatomic areas, for the
static-field AP-PA irradiation. The prescribed dose was 2 Gy. The films were
placed between two slices of the ART phantom (with slice numbers in brackets)
or in the knee insert. The ionization chamber was placed in the appropriate
insert (see Fig. 6). The total experimental uncertainty was determined according
to the ISO Guide to the expression of uncertainty in measurement (GUM) with a
coverage factor k = 2 [36].

Position Dfiim in Gy Dic in Gy
Head (0-1) 1.85 + 0.28

Head (3-4) 2.23 +0.33

Upper thorax (11-12) 2.39 + 0.36

Thorax (16-17), soft tissue 2.18 +£0.33

Thorax (16-17), lung tissue 0.44 + 0.07

Abdomen (21-22) 2.15 + 0.32

Field overlap Hip (30-31) 2.30 + 0.34

Hip 2.05 + 0.04
Knee 2.30 £ 0.34 2.11 £ 0.04

calculated and measured dose in several phantom sections are in good
agreement when normalized to the dose value at the profile center. This
good relative agreement proves that, despite the fact that the commis-
sioning our treatment planning system is still missing for extended SSD,
the dose optimization algorithm works in a reliable way. Moreover,
these profiles and the 3D dose representation in Fig. 9 demonstrate that
the dose distribution is homogeneous within +10 %. Finally, the lung
dose can be reduced by about 20-30 %, while the static-field technique,
combined with lung blocks, enables a lung dose reduction of 80 %. As a
consequence, for a myeloablative treatment, the sweeping beam tech-
nique should be used for all six fractions in order to ensure that the mean
dose to the lungs does not exceed 10 Gy.

4. Discussion and conclusion

The increasing number of studies that have been carried out in the
last 10-15 years to introduce conformal TBI techniques confirms the
necessity for detailed commissioning and for a high level of dosimetric
accuracy, especially for the design of future clinical trials in this field
[12]. In particular, dosimetry audits on TBI are still missing and future
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Fig. 7. Example of phantom positioning for dose measurements at extended SSDs. a) Dosimeter placement inside corresponding compartments in the knee module,
encompassing ionization chamber and radiochromic film. b,c) Set-up at the linear accelerator for ventral and lateral irradiation, respectively.

Fig. 8. (a) Whole-body CT image for treatment planning. The dashed lines show the position of dosimetry films and the corresponding slice numbers as orientation.
(b) Planned 3D dose distribution for the SB technique. (c,d) Phantom positioning for accurate SB irradiation. The creation of a set-up field with the MLC (a) allows for
accurate alignment on the treatment couch thanks to the light-field visualisation (d). Significant anatomical features (e.g., clavicles and ribs) provide guidance to

this purpose.

work in this direction will also have benefits for further irradiation
treatments involving the whole body, such as total-marrow irradiation
(TMI) and total-nodal irradiation (TNI) [12]. This work contributes to
the advancement of quality assurance in TBI by developing a cost-
effective anthropomorphic phantom of the lower extremities, which
can be used in combination with a commercially-available torso phan-
tom to obtain a phantom of the whole body.

The leg phantom design is modular, thus allowing for the simulation
of different leg positions. Moreover, thanks to the integration of flexible
inserts, it is possible to measure dose in relevant positions. Here, we
show results for measurements with ionization chambers as well as
radiochromic films, as an example. Such flexibility enables one to
compare different TBI approaches and a complex commissioning of the
used treatment planning system. The cost effectiveness of the leg
phantom is guaranteed by an additive manufacturing approach,

consisting in the 3D printing of hollow leg, bone, and pelvis structures
and the use of agarose- and Vaseline-based mixtures to mimic the x-ray
attenuation properties of soft tissue and bone marrow, respectively.
Furthermore, the use of gypsum allowed us to mimic cortical bone.
We investigated the suitability of the leg phantom by simulating TBI
with the static-field technique that is well established in our institute.
First dose measurements, carried out with dosimetry films, an ionization
chamber, and OSL dosimeters, are in agreement, within +10 %, with the
prescribed dose of 2 Gy, which is promising for further studies. More-
over, we were able to demonstrate that the whole-body phantom, ob-
tained by combining the developed leg phantom and the ART torso, is
suitable for several levels of quality assurance in TBIL In fact, we could
explore an “image-stitching” method to obtain CT images of the whole
body, which we also used for dose optimization of an intensity-
modulated SB technique. During this feasibility study, we also
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Fig. 9. Relative dose profiles, in X direction (a—c) and in Y direction (d-f), in three phantom regions: lungs (a,d), pelvis at the interface between ART torso and leg
phantom (b,e), and knee (c,f). The X-position is horizontal (left-right), the Y-position is vertical (top-bottom) along the phantom central line, respectively. The dose

profiles are normalized to each other at (0,0).

introduced a simple approach for patient alignment at an extended SSD
of approximately 190 cm. This is based on the use of set-up fields and
will be extended and applied for image verification in the future. A
precise alignment of the whole body is not critical in TBI, since all
radiation-sensitive organs to be spared lie in the torso. For this reason,
several groups investigating conformal TBI opted for simplifications. For
example, in some cases, CT imaging was performed only up to the
middle thigh and then an extended CT was created by replicating a slice
from the middle thigh, as often as necessary to obtain the full patient
length [10,11]. However, for plan optimization in TMI or TNI, the use of
phantom legs with realistic anatomy could improve dose accuracy. In
addition, realistic legs for radiation treatment planning and verification
would improve the quality assurance in TBI for isocentric techniques,
such as VMAT and Tomotherapy. In this case, two separate treatment
plans are optimized for the head-first and the feet-first CT scans,
respectively. The two plans need then to be optimized to obtained the
correct dose distribution in the overlapping region, which is usually
around the pelvis or the upper thigh [12,13]. Therefore, to verify the
dose in this overlapping region, additional dosimetry films might be
inserted between (i) the torso and the hip, (ii) the hip and the thigh, and
(iii) between the thigh and the calf, respectively.

This study has some limitations, which we will discuss in the
following. First, after production, the properties of the soft-tissue sur-
rogate changed during the first weeks, mostly due to water loss. In fact,
the HU-values of the surrogates increased by more than 40 % for soft
tissue, and decreased by about 60 % for bone marrow, respectively.
However, after this significant change, the CT numbers remained stable
for at least one year and the x-ray contrast remained appropriate.
Furthermore, the CT numbers became more homogenous, with poten-
tially less heterogeneity in the calculated dose. We intend to improve the
sealing of the phantom modules to reduce the formation of air gaps in
the future. Moreover, further investigations will be necessary to estab-
lish the dose uncertainty related to variations in the material water

content. The second limitation for the use in TBI studies is the incom-
plete commissioning of our treatment planning system for extended
SSDs, so that the dose verification for the sweeping-beam techniques is
limited, up to now, to the relative comparison between the calculated
and the measured dose. We will complete the dosimetry study for
expended SSDs and investigate isocentric techniques in the future.

In conclusion, we can state that the modular leg phantom developed
in this work will facilitate further TBI analysis and, with slight modifi-
cations, it can be extended for quality assurance in TMI and TNI. While
we do not plan to commercialize the phantom, we have provided a
detailed description of its development and manufacturing to support
reproducibility. Departments interested in implementing the phantom
for their own research are welcome to contact the corresponding author
for further discussion.
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