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1 Introduction

1.1 History of Radiotherapy

Even though Plucker noticed apple-green, glowing traces on the inner wall of
a vacuum tube in 1859 [1], it was Wilhem Conrad Roéntgen’s observation in his
laboratory on November 30, 1895 [2] of the luminescence of a fluorescent screen as
a result of invisible rays called X-rays that marked the beginning of a new era in
medicine. Only three weeks after the publication of Rontgen’s discovery, on January
29, 1896, Emil Hermann Grubbe, at the suggestion of Dr. Ludlam, administered
what is widely considered the first therapeutic X-ray treatment [2]. In 1896, Leopold
Freund treated a patient with a hairy nevus every day for two weeks, after he
realized that the X-rays cause epilation; this case is known as the first fractionated
radiotherapy in history.

The discovery of the previously unknown phenomenon of radioactivity by Henri
Becquerel in 1895 occurred almost simultaneously with Rontgen’s discovery of X-
rays [1]. In 1898, Pierre and Marie Curie discovered the radioactive element radium,
and not soon after, in 1901, Becquerel’s skin got inflamed as a result of carrying
radium in his pocket. This accident motivated Curie to make experiments on his
own skin; their observations led to the birth of radium therapy [1]. Two main types
of apparatus emerged for these therapies: plaques covered with radium salts for
external application to the skin, and tubes containing radium salts for insertion into
tumors or body cavities [1]. Such were the beginnings of brachytherapy.

In the first years of radiotherapy, scientists and doctors lacked the understand-
ing of the biological effects of radioactive materials, let alone the term radiation
dosimetry. The first known attempt to measure radiation was carried out by Guido
Holzknecht in 1902, with a machine called chromoradiometer [2, 3]. It took over
two decades before the first physical unit of exposure, the roentgen, was formally
adopted at the first International Radiology Congress in Stockholm in 1928 [2, 3, 4],
along with the use of ionization chambers [2, 3].

Claude Regaud’s experiments in 1911 demonstrated that fractionated doses could
achieve superior biological effects compared to single-occasion treatments [2, 5]. His
collaboration with Henri Coutard in the Radium Institute of Paris led to the develop-
ment of various radium therapies using low dose rates and fractionation [2, 5|. They
presented their results at the International Congress of Otology in Paris in 1922,
demonstrating cure of advanced laryngeal carcinomas [2]. Coutard’s clinical work
meant a huge improvement in radiotherapy and established the principles of modern
fractionation, including the importance of proper patient immobilization [2]. Ral-

ston Paterson in 1931, as a director of the Holt Radium Institute, started to develop



a treatment standard that would later become known as the Manchester School; he
introduced standardized field arrangements and dose tolerance limits [2]. The next
decades (1930s-1950s) were marked by the development of mainly brachytherapeutic
techniques using radium and X-ray tubes producing 50 kV-200 kV of energy [4].
The next three decades were the so-called megavoltage era [4], where %°Co units
were introduced [4, 5], providing superior penetrating power and skin sparing com-
pared to orthovoltage equipment [3, 4]. At the same time, the first clinical linear
accelerator, also known as LINAC, began operation at Hammersmith Hospital in
1953 [3]. As linear accelerators became commercially available, doors opened in
front of medical researchers to develop various irradiation techniques for the wide

spectrum of malignancies.

A Brief History of Total Body Irradiation

R. Abbe (1903) and N. Senn (1903), among others, conducted experiments to
treat leukemia, and the latter realized that the irradiation of the whole body was
necessary [6]. F. Dessauer (1905) developed a scheme for X-rays to irradiate the
whole body, and H. Heineke treated patients with leukemia and sarcoma in the
same year using the same principle [6].

Although the developments aforementioned were truly innovative, the modern
era of total body irradiation (TBI) began with E. Donnall Thomas in 1957, who
systematically combined TBI with bone marrow transplantation [6, 7]. Thomas’
study of 100 acute leukemia patients in 1977 established TBI as a truly useful
conditioning regimen combined with chemotherapy [6, 8]. In 1979, Thomas reported
a 60% 3-years survival rate for patients in first remission [6, 9]. Thomas’ work,
recognized with the 1990 Nobel Prize [6], transformed TBI from an experimental
radiation therapy technique into an important component of modern transplantation
medicine.

The technique evolved from simple opposing field arrangements using basic X-
ray equipment in the early 1900s to sophisticated intensity-modulated radiation
therapy (IMRT) applications introduced by J.T. Keane in 2000 [10], followed by
helical tomotherapy and volumetric modulated arc therapy (VMAT) in the following
years [6].

1.2 Radiobiological Background of Total Body Irradiation

The biological effects of ionizing radiation primarily result from two mechanisms:
direct and indirect actions. In direct action, the energy of the radiation is deposited
directly into the critical biological targets, particularly DNA, causing immediate

damage in the molecules of these structures [11]. During indirect actions, other
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cellular molecules are damaged, which then diffuse far enough and reach potentially
critical targets as well. Mammalian cells consist of 70-80% water, hence most of
the indirect effects happen through free radicals of water molecules [11]. These free
radicals will react with the DNA, leaving them damaged and chemically reactive; in
the presence of oxygen, Oy will react with these molecules [11].

The whole process is illustrated
in Figure 1. During direct action,
the particles of the radiation ion-

Oxygen fixes damage:

ize the critical targets directly, e.g. R* + O, —» RO,"— ROOH

the DNA [11]. Most of the indirect

. Indirect action
damage occurs through the radioly- H

OH* q__‘_\o
sis of water molecules, when the free H/

radicals after the ionization diffuse

to the previously mentioned critical /
targets and react with them, mak- : . Direct action

ing them chemically reactive (this

part of the target is denoted by R*
on the ﬁgure) [11]- In the presence Figure 1: Processes of radiation damage - direct
of oxygen, O, reacts with this reac- effect and indirect effect in the presence of Oz [11].
tive part of the target and produces
RO3, which participates in another chemical reaction, leading to ROOH [11]. This
way, the critical target is not chemically reactive anymore, but its structure changed
and it will be recognized biologically; it is a lesion [11].

If oxygen is not present, or not in a sufficient concentration, the R® molecule will

eventually react with H [11]:
[R — H] + OH® — R* + H,0 (1)

R* + H* = [R — H] 2)

As shown by the equations, the damaged target could be repaired biologically
through a purely chemical process [11]. In these cases, there will not be further bi-
ological effects. That is the reason why it is harder to damage tissues with hypoxia
— these tissues require approximately 2.5-3 times the radiation dose to achieve the
same biological effect as well-oxygenated tissues [12].

As a result of radiation exposure, DNA can become damaged, and suffer from
either a single strand breakage (SSB) or double strand breakage (DSB) [13, 14, 15].
While SSBs are readily repaired and generally do not result in cell death [15], double
strand breaks could potentially lead to chromosomal aberrations, genetic disorders

in the progenies, or cell death [16, 17|. The complexity of DNA damage increases

7



with radiation dose, leading to clustered damage sites that are more difficult to
repair accurately [16, 18].

Mammalian cells have evolved two primary mechanisms for DSB repair: non-
homologous end joining (NHEJ) and homologous recombination (HR) [19]. NHEJ
is active throughout the whole cell cycle and it is the predominant repair pathway;,
especially during the G1 phase when the HR is not active at all [20]. Unfortunately,
NHEJ is intrinsically error-prone, it might introduce small deletions or insertions at
the repaired parts [20]. In contrast, HR requires the presence of sister chromatids and
is therefore most active during S and G2 phases of the cell cycle [21]. The efficiency of
DNA repair differs markedly among cell types and constitutes a major determinant
of cellular radiosensitivity [22]. Normal somatic tissues typically maintain effective
DNA damage response and repair pathways, whereas many malignant cells, includ-
ing hematopoietic malignancies treated with TBI, harbor alterations or deficiencies
in these mechanisms [23] that contribute to genomic instability and variable radia-
tion sensitivity [24, 25, 26]. Such differences in DNA repair capacity, together with
the potential for hematopoietic rescue following stem-cell transplantation, underlie
the therapeutic window exploited in TBI conditioning regimens [27].

Radiation-induced cell death can proceed via multiple pathways [28]. In
hematopoietic tissues, apoptosis is a major mechanism of radiation-induced dam-
age, although other pathways (such as senescence or stem-cell exhaustion) may also
contribute [29]. Apoptosis is a highly regulated process triggered by p53-dependent
pathways following DNA damage detection [29]. The p53 protein initiates either
DNA repair mechanisms for repairable damage or apoptotic pathways when damage
exceeds repair capacity [28]. Programmed cell-death pathways, particularly apop-
tosis, are especially prominent in lymphoid lineages and contribute to the high ra-
diosensitivity of these tissues [24, 30]. Bcl-2 proteins are very important in regu-
lating apoptosis: pro-apoptotic proteins like Bax promote cell death, whereas anti-
apoptotic members such as Bcl-2 provide cellular protection [31]. Variations in apop-
totic susceptibility, potentially due to differences in the expression or activity of
Bcl-2 family members, may contribute to the observed heterogeneity in treatment
responses among patients.

Cell survival following radiation exposure can be described by the linear-quadratic
(LQ) model, expressed as S(D) = exp(—aD — 3D?), where S(D) is the surviving
fraction at dose D, a describes the linear component of cell killing, and 3 represents
the quadratic component [32]. The «/f ratio characterizes tissue radiosensitivity
and repair capacity. Tissues with low «/f ratios exhibit greater capacity for sub-
lethal damage repair and are more sensitive to changes in fractionation, while tis-
sues with high o/ ratios show less fractionation sensitivity [33, 34]. Hematopoietic

cells, the primary targets in TBI for conditioning regimens, generally exhibit high



radiosensitivity characterized by high «/f ratios and limited repair capacity [35].
Significant heterogeneity exists among different leukemic cells, with survival frac-
tions after 2 Gy (S(D)) ranging from highly sensitive (S(D) < 0.1) to relatively
resistant (S(D) > 0.5) populations [35]. This variability has important implications
for treatment outcomes and suggests that individual patient factors may influence
TBI efficiency [35].

The major dose-limiting toxicities in TBI predominantly affect late-responding
tissues characterized by low a//3 ratios and high sensitivity to fraction size [35]. Crit-
ical organs include the lungs (pneumonitis), kidneys (nephritis), liver (veno-occlusive
disease), and central nervous system [35]. These tissues exhibit marked sensitivity
to changes in fractionation parameters, so giving careful attention to dose rate and
fraction size is essential for minimizing complications [35]. The radiobiological basis
of developmental effects in children receiving TBI remains incompletely understood
but likely involves damage to slowly proliferating stem cell populations with finite
division potential [35]. These effects cannot be adequately predicted by conventional

radiobiological models developed for rapidly dividing cell populations [35].

1.3 Indications of Total Body Irradiation

The use of TBI as a part of conditioning regimens for hematopoietic stem-cell
transplantation (HSCT) is grounded in three principal indications: eradication of
residual malignant cells even from sanctuary sites (e.g. central nervous system, tes-
ticles), immunosuppression to prevent graft rejection, and creation of marrow space
for donor engraftment [27]. Several reviews and guideline documents have delineated
these indications in the context of treating hematological diseases [36, 37].

First of all, TBI provides a homogeneous radiation dose across the body that can
reach so-called sanctuary sites (for example, the central nervous system, testes and
other extramedullary sites) where chemotherapy delivery is often limited [27, 38]. In
the context of acute lymphoblastic leukemia (ALL) and other high-risk leukemias
undergoing myeloablative conditioning before allogeneic HSCT, TBI can reduce the
risk of relapse [39].

Beyond its cytotoxic effects, TBI contributes to the immunosuppression of the
host, thereby reducing the risk of graft rejection [40]. Because irradiation affects
lymphoid tissues ubiquitously, it complements chemotherapeutic agents in achieving
a sufficiently immunodepleted environment to allow donor hematopoietic stem cells
to engraft [27]. In particular for patients who receive haploidentical or mismatched
donor grafts, TBI-based conditioning has been shown to provide better engraftment
and survival outcomes [41].

In addition to its immunosuppressive role, TBI helps to create physical and bio-



logical “space” in the recipient’s bone marrow micro-environment by ablating host
hematopoietic stem/progenitor cells and making room for donor stem cell popu-
lations [27]. As such it is routinely employed in myeloablative regimens for both
malignant (e.g. ALL, acute myeloid leukemia, lymphomas) [36] and selected non-
malignant disorders (e.g. severe aplastic anaemia) [42].

Despite the clear advantages of TBI, its application must be considered in the
context of patient-specific risk factors (like age and comorbidities), disease char-
acteristics (like leukemia type or prior therapy) and donor/graft factors. Recent
data suggest that in patients who are minimal-residual disease (MRD) negative pre-
transplant, non-TBI regimens may yield similar outcomes, whereas MRD positive
patients derive distinct benefit from TBI-based conditioning [43, 44].

2 Previous Methods in the Literature

2.1 Methods Using “°Co

%0Co teletherapy units were the first devices used for TBI. The choice of this
radioactive isotope for the machines was motivated by several advantages. The out-
put of these teletherapy machines is stable and predictable. The °Co isotope emits
~-rays of approximately 1.17MeV and 1.33 MeV energy [45], resulting in a mean
photon energy of approximately 1.25 MeV; this high energy makes deep penetration
and skin sparing possible [46]. The relatively long half-life of %°Co (1925.28 days [45]
which is approximately 5.27 years), as well as the achievable high specific activity
of it, makes it convenient for the clinical use [47]. Further advantage of the use of
a radioactive isotope for teletherapy in general is that the source of radiation is
independent of power supply; this can be a key component of cancer treatments in
developing countries.

The drawbacks of using %°Co mirror some of its advantages. Due to their decay,
they have to be replaced and recalibrated frequently; this may require significant
financial and human resources. Their power supply independency can be a possible
radiation safety hazard, since it can never be completely shielded, it cannot be turned
off totally with the press of a button, and the source must be handled as radioactive
waste after disposal. A further problem with machines using %°Co has direct clinical
relevance: the modulation capability is limited. The dose distributions are mainly
shaped through physical shielding and compensators, so the opportunities for the
shielding of organs at risk are limited. Furthermore, since the source is not a perfect
point source, a wide penumbra can be formed.

The most common technique involving %°Co uses an extended SSD to cover the

entire patient with a single field. In these cases the source is about 2.5 m above the
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2 on the treatment plane

floor [48], yielding a possible field size of ~ 1.3 x 2.7 m
without interleaved collimators [48]. If the patient is exposed to the field from a
lateral direction, boluses are used to ensure that thinner parts, such as the neck, do
not receive too high doses [49]. There are methods where the patient is standing in
the field instead of lying on couch [50], usually because the treatment room is not
high enough, but is long enough for this setup to provide a field wide enough. This
kind of treatment could cause more discomfort to patients in poor condition than if
they were laid.

To address longitudinal dose variation, some centers utilize the continuous head-
swivel motion of a cobalt unit [51]. The cobalt head rotates slowly about its vertical
axis while the patient lies supine on a couch, ensuring the entire body receives a

composite dose from a sweeping beam. With this method, longitudinal homogeneity

within £10% can be approached without complex compensators [51].

2.2 Methods Using LINACs

LINACs are widely used in radiotherapy, including TBI. High energy electrons
and photons can be produced by them, which are suitable for tumor irradiation.

Their operation is based on accelerating electrons in a linear waveguide, hence
the name. A LINAC contains several major subsystems working in sequence; the

main parts are presented in Figure 2.

Accelerator Tube

Electron | TTTTTTTTI Treatment Head
Gun T | (Straight Beam)

Wave Guide :
I 4 System Bendmgi Magnet
— Magnetron Treatment Head
Modulator}» or
Klystron

(Bent Beam)
Power |

|
|
Supply |

Figure 2: Block diagram of a medical LINAC [52].

The power supply provides high DC-voltage for the entire system. The modulator
converts this DC power into high-voltage pulses for the electron gun and the mag-
netron or klystron [52]. The electron gun contains a heated cathode which emits elec-
trons; these electrons are injected into the accelerating waveguide [52]. A magnetron
is a vacuum tube with a central cathode and surrounding resonant cavities. When a
strong magnetic field is applied, electrons emitted from the cathode spiral around,

inducing electromagnetic oscillations in the cavities. This generates microwaves at
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a precise frequency (typically ~3 GHz [52] for medical LINACs) [52]. The klystron
is a microwave amplifier — it does not generate RF power on its own but takes a
low-power RF signal (from a driver oscillator) and amplifies it [52]. It contains mul-
tiple cavities which the electrons pass through and they become velocity-modulated
(bunched) [52]. This bunching causes energy transfer from the electron beam to the
RF field [52]. Either a magnetron or a klystron provides the alternating electric
field to the accelerator tube where the electrons will gain energy thanks to the al-
ternating electromagnetic field [52]. After the electrons are accelerated, the beam
is focused and, if required by the arrangement of the machine, bent using bending
magnets [52]. This ensures the energy selectivity as well as the correct direction of
the beam. Additionally, depending on the desired particle species, either a high-Z
target (e.g. tungsten) or a scattering foil is inserted into the beam’s path, result-
ing in the production of photons via bremsstrahlung or a scattered electron beam,
respectively [52].

The main advantages of LINACs compared to equipment using °Co are the
higher achievable photon energies, the versatile beam configurations, and the inte-
gration with digital planning systems. Thanks to these advantages, a wide variety
of techniques using LINACs have been developed for TBI.

The techniques using extended-SSD and static fields mirror the techniques using
60Co. In these approaches, the field provided by the LINAC is static and the SSD is
usually at least around 300-400 cm [52] to encompass the patient’s full length. There
are two main methods for this kind of delivery; the AP/PA (anteroposterior/pos-
teroanterior) and the lateral (or bilateral) methods [52]. During the AP/PA deliv-
ery, patients are positioned either standing or supine with two opposing fields [52].
Beam-spoilers are used to increase the surface dose and manual compensators (e.g.
bolus, lead sheets) over thinner regions (e.g. head, ankles) are used to maintain dose
homogeneity [52].

Thanks to the advancements both in planning software and in the treatment
delivery systems, three-dimensional conformal and intensity-modulated techniques
appeared in the field of TBI. These kinds of techniques improved the dose homo-
geneity and the OAR (organs-at-risk) sparing. One of these types of techniques is
Helical TomoTherapy where a ring-gantry continuously rotates the beam around
the supine patient while translating the couch. This method generates highly uni-
form dose distributions and allows precise lung, kidney, and lens sparing [53]. With
these machines "volumetric gradient dose matching" (VGMT) can be used, result-
ing in smooth junctions [54]. From the perspective of this work, the most relevant
of intensity-modulated techniques is volumetric modulated arc therapy (VMAT).
This technique uses multiple full or partial coplanar arcs and multileaf collimators

to modulate dose intensity. Multiple isocenters and overlapping arcs are used in
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general, but the range of actual implementations is quite wide, since every institute
can implement its own approaches differently depending on the equipment, planning

system, local protocols and other resources in general.

3 Previous Method Applied by Our Institute

At our institute, TBI is performed using ®*Co to deliver the prescribed 12 Gy, with
extended source-to-surface distance. The treatment follows an in-house protocol. The
method relies on determining water equivalent thickness (WET) or distance (WED)
along the patient’s body and applying correction factors to estimate point doses,
mean doses and maximum doses.

Water equivalent thickness represents the effective thickness of tissue, accounting
for attenuation properties relative to water. In this setup, a detector is positioned
below the patient (or phantom) to measure the attenuation of the photon beam.
The attenuation is related to the equivalent thickness of water that would produce
the same reduction in beam intensity.

Calibration is performed using a phantom composed of two 10 cm thick slabs,
which are slightly shifted relative to each other, allowing attenuation to be mea-
sured for known thicknesses. A calibration curve is created using an x — y recorder
(autograph), such that a displacement of 1 c¢m corresponds to a 10 cm change in
water-equivalent thickness, establishing the relationship between signal and thick-
ness. Using this method, based on the local results, the average adult water equiva-
lent thickness is typically 20-22 cm.

Water equivalent thickness is measured along the midline from the skull to the
pelvis, with additional emphasis on the thoracic region due to the heterogeneity
caused by the lungs. The anatomical reference points, where measurements are ob-
tained, are the nasal bridge, the chin, the neck, the jugulum, the mammilla, the
xiphoid process, the umbilicus and the symphysis. Measurements are also recorded
between these points with sufficient spatial resolution. At the chest (due to the
lungs), measurement points are also taken laterally. Here, the edges of the body
are also recorded to ensure full anatomical coverage and avoid missing peripheral
regions. It should be noted that water equivalent thickness can be directly measured
on a CT scan as well, and this method is used at our institute as a substitute for
the above-mentioned technique.

From the water equivalent thickness, an Excel sheet calculates the TPR (tissue-
phantom ratio). In this protocol, TPR values are normalized such that 20 cm WET
corresponds to TPR = 1. Average TPR ((TPR)) is calculated using the data ob-
tained from the upper body.

13



The reference longitudinal zero point is defined at the symphysis, all other
anatomical points are measured relative to this position. Due to varying distances

2 correction is applied to account for inverse square

from the radiation source, a r~
law effects. Furthermore, the ratio of local TPR to the (TPR) is calculated.

The dose rate at midline is calculated using a reference, calibrated value
(10.805 ¢cGy/min), for which correction for time is applied. This dose rate corre-
sponds to (TPR)=1, so the dose rate needs a further correction accounting for the
(TPR) differing from 1. Since this technique uses lung shielding blocks, the central
dose in lung regions is reduced compared to other tissues. Hence, a correction for
this factor is also included in the Excel sheet.

The thinnest lung section closest to the beam axis receives the highest dose. Since
the lungs are organs at risk, dose constraints are applied for this sensitive region:
the maximum dose here should be 8 Gy. Based on the shielding properties of the
block (i.e. what percentage of the radiation is transmitted), the fraction of time the
lung is blocked is calculated, as well as the total irradiation time.

The blocks aforementioned are created individually, based on the x-ray image of
the patient. The lungs are delineated manually, and since these blocks will be placed
on a plexiglass sheet above the patient during the treatment, the size of the blocks is
scaled accordingly. The blocks are cast from Wood’s metal based on these outlines.

The evaluation of the plan was done through point and mean doses. It should be
emphasized that, due to the nature of the technique, these values represent estima-
tions rather than exact dose calculations.

The following parameters were calculated:
e Mean, minimum and maximum point doses of the lungs

e Mean, minimum and maximum point doses of the middle region of the upper

body (estimating the dose of the spine)
» Point dose of the nasal bridge (estimating the dose of the cranium)
e Mean, minimum and maximum point doses of the sternum
 Point dose of the pelvis (symphysis) (estimating the rectal dose)

If these dose values are in accordance with the institute’s guidelines, the treatment

will be delivered during the calculated times, with and without the lung shielding.
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4 Newly Developed Method
4.1 Patient Cohort

Since this work’s aim is to implement a new technique in a clinical setting, the
research was not conducted with current patients, but using retrospective C'T scans
of patients who previously received craniospinal irradiation or TBI'. As a result of
this, the scans were usually obtained from head to lower pelvis or upper thighs, with
the rare exception of a young child, of whom a whole body CT scan was available.

The scans were chosen based on several factors from a list of sixty-nine patients.
Those whose hands were cropped from the scan were excluded, just like the ones
that did not contain the whole body in the lateral direction. Since the categorization
of patients happened based on their length from the top of the head to the most
caudal point of the ischium, all the CTs that ended above this defined lowest point
were excluded as well. Patients with arms positioned too far from the body were
excluded, too.

After the initial selection, thirty-three patients remained. The above-mentioned
axial length was measured, as well as the lateral length, which was defined as the dis-
tance between the middle of the humerus bones at the half-point of the axial length.
The average axial length was 79.52 cm, with a standard deviation of ojengtn =12.29
cm. Patients with an axial length of 79.52412.29 c¢cm were considered "medium”
sized, while the patients under and above these boundaries were considered ex-
traordinarily ”small” and "big”, respectively. The final selection of scans was made
subjectively, by selecting patients with the least spread arms possible. Patients were
chosen from all three categories to ensure reproducibility, regardless of patient size.
The chosen patients got categorized into ”"small” and "big” groups based on the
axial lengths’ relation to the average length, to make further evaluation easier.

Patient #7’s data arrived later, but since he had a whole body CT, he was
included in the patient cohort. The length of this patient was measured from head

to toe. The relevant data of the chosen patients are presented in Table 1.

4.2 Immobilization

Since the immobilization directly influences the reproducibility of patient posi-
tioning, geometric accuracy, and the uniformity of the absorbed dose, it is a non-
negligible component of TBI [55]. Unlike conventional radiotherapy, TBI involves
very large fields and long beam-on times, making it necessary to position the pa-
tient stably and reproducibly to avoid significant deviations in dose.

Since this study does not include currently treated patients, the immobilization

techniques are based on the literature and the institution’s previous practices, and

Tn their case, the scan was originally used to determine the WETSs, not to create a VMAT plan
using a LINAC.

15



Patient# Length[cm| Width[cm] Group Sex

1 76.80 34.24 small  female
2 88.5 38.46 big female
3 97 50.78 big male
4 72 30.95 small  male
5) 66 26.27 small  male
6 81 41.51 big female
7 100 25.19 small  male

Table 1: Relevant data of the patients. Length in case of Patients #1-6 is defined as the
distance from the top of the head to the most caudal point of the ischium, and defined
as the length from head to toe in case of Patient #7. Width was defined as the distance
between the middle of the humerus bones at the half-point of the axial length.

have not yet been tested in practice.

With the advent of 3D CT-based planning, it became a natural requirement
for the treatment geometry to match the planning geometry [55]. Current work-
flows therefore use vacuum mattresses, full-body molds, thermoplastic head-shoulder

masks, or combinations of these to stabilize the patient [56, 57, 58, 59].

Vacuum mattresses provide high stability and are widely adopted because they
provide whole-body support and reduce motion across long treatment times [57, 58,

59]. Unfortunately, our institution lacks this immobilization tool.

Several VMAT-TBI planning studies also used thermoplastic masks to stabilize
the head and neck during treatment [56, 57, 58, 59]. Thermoplastic masks and head
supports are particularly important for techniques that combine multiple isocenters,

as head rotation or neck bending can distort target coverage [57, 58].

Immobilization for VMAT-TBI often incorporates indexed baseplates to ensure
reproducible longitudinal positioning and minimize inferior—superior drift [55, 56].
Indexing supports the accuracy of isocenter definition for multi-isocenter VMAT

approaches [60].

Rotating tabletops, which enable switching between head-first supine and feet-
first supine without repositioning, are reported by several centers [55]. Such rotating
couch systems reduce setup error because the patient remains immobilized while the
table rotates, preserving the original mold geometry [55]. When couch rotation is
used, immobilization devices must be compatible with rotational clearance and must

maintain body conformity during rotation.

In the case of this study, a rotatable tabletop will be applied in combination
with a head-shoulder mask for adult patients. The former one reduces the setup

uncertainties, while the latter one, besides the usual immobilization feature, keeps
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the head in a slightly backtilted position, which improves the dose homogeneity by
moving the chin away from the lower-neck.

Regardless of technique, immobilization must allow the patient to remain com-
fortable for the entire treatment, as discomfort can lead to motion [55, 61]. Account-
ing for this, a thin pillow will also be inserted under the patients’ heads to provide
as much comfort as possible. The patients’ arms should be positioned tightly along-
side the torso in order to reduce the overall body width and to facilitate a more
homogeneous dose distribution through the homogeneous spacial distribution of the
body.

Pediatric patients require special immobilization strategies, such as sedation or
anesthesia, due to anxiety, small body size, and limited ability to remain still without
assistance [62]. In these cases, treatment should be performed under anesthesia to
ensure complete immobilization, just like in case of the former technique employed
by the institution. A thermoplastic mask should be used for fixation, with a cutout
at the top to allow the instruments needed for anesthesia to be inserted. A knee
support or a small cylindrical cushion should be placed under the legs to support a
stable lower limb position, while the arms were aligned along the torso. Additionally,
a head support cushion can be used to maintain a comfortable head position.

Since this work uses retrospective CT scans, these immobilization devices cannot
be taken into account at the current planning process. The patients’ positions are far
from ideal, so the above-mentioned immobilization methods serve as future guide-
lines based on the literature. This apparent weakness is actually advantageous from
a planning perspective, as methods developed for non-ideal geometry are expected

to work even better for ideal geometry.

4.3 CT

CT simulation is very important in LINAC-based TBI, as it defines the anatom-
ical dataset on which planning geometry, field arrangements, and dose optimization
are based. Accurate CT acquisition is necessary to ensure that target coverage and
organ-at-risk (OAR) sparing reflect the true patient anatomy under treatment con-
ditions.

Since TBI treatments involve extended longitudinal coverage, C'T scans must en-
compass information about the entire body. Standard CT scanners are limited in
bore length (=~ 130 — 150 c¢m), so whole-body datasets are typically acquired either
through two scans (head-first and feet-first) [56, 57, 58, 59, 63, 64], or with the ex-
tension of a head-first scan in the inferior direction by replicating the last slice of the
acquired head-first scan [65]. To the author’s knowledge, no other articles explicitly

document the approach of slice replication. At our institution, the maximum length
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of CT scans is 200 cm, which implies that in most cases the scans can be obtained
in one position. Although it is an advantage in terms of scanning, the treatment
cannot be performed in one position, so this advantage cannot be truly exploited if
the patient is too tall. The retrospective scans of this work do not contain adults or
teenagers with full-body CT scans, and since the replication of the last slice does
not lead to anatomically realistic planning setups, this practice was only followed in
case of Patient #4, as an experiment for the planning procedure.

Immobilization devices used during CT simulation must match those used dur-
ing treatment to maintain geometric consistency. Vacuum mattresses, thermoplastic
masks, and indexed baseplates are therefore secured during the scan, and the patient
is positioned identically to the planned treatment setup [66]. CT scanning in pedi-
atric cases requires extra attention, since children may require sedation or specialized
immobilization to maintain stillness throughout the extended acquisition [67]. Care
must be taken to ensure that any immobilization or sedation approach used during
simulation can be replicated during treatment delivery.

Most VMAT-TBI planning studies acquire CT images with slice thicknesses of 5
or 10 mm, which provides sufficient spatial resolution for whole-body contouring and
OAR segmentation while keeping dataset size computationally feasible. Pierce et al.,
Symons et al., and Springer et al. used a 5 mm slice thickness for planning [57, 58, 65].
Springer et al. also used 10 mm slice thickness for three patients [58]. Teruel et al.
adopted 10 mm slice spacing for automatic VMAT-TBI planning in Eclipse [56]. A
recent study from 2024 recommends 5 mm of slice thickness for adults and 3 mm in
case of small children [68].

During the initial attempts of planning, multiple CT slice thicknesses, e.g. 0.5
cm, were tested to reach balance between resolution and optimization time. As a
result, it was found that a thickness of 1 cm gives the same dose distribution as finer
resolutions, apart from statistical uncertainties. Figure 3a and 3b show a visual
comparison between dose distributions achieved with different CT resolutions in
case of Patient #7. In Figure 4, the difference between the DVHs can be observed.

This result is slightly different from the literature, but it has to be emphasized
that 1 cm slice thickness appears in papers, so the conclusion presented here is not
blatant. For the sake of feasible running times during optimization, slice thickness
was chosen to be 1 cm in case of every patient. It reduced the time required for
optimization and dose calculation from 45 minutes to 20 minutes in case of Patient
#7. These runtimes are specific to the local treatment planning system configuration
described in the planning section and should therefore not be interpreted as generally

applicable values.
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(a) 1 cm (b) 0.5 cm
Figure 3: Achieved dose distribution with 1 and 0.5 cm of CT slice thickness (Patient #7).
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Figure 4: Achieved DVH with 1 and 0.5 cm of CT slice thickness (Patient #7).

4.4 Target Volume and Organs-At-Risk Determination

For TBI, the target is not a tumor-specific volume but the entire external patient
contour, modified only where organ sparing or dose limitations are clinically justified.
The rationale is that in TBI the goal is the irradiation of the whole body for
conditioning, so the PTV must represent that large volume. Many modern TBI
planning studies shrink the body external contour by 3-5 mm when defining the
PTV [56, 57, 65, 69]. The primary reason behind it is that the superficial region

has more dosimetric uncertainty due to the build-up effects and the air gap, so
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contracting gives a safety margin through providing backscatter media. In this work,
the body contour has been contracted by 5 mm in case of adult and teenage patients,
and by 4 mm in case of young children.

Even though the target is essentially the whole body, there are some organs that
usually are excluded from the PTV. Most commonly these are the lungs and the
kidneys. Lungs, since radiation induced pneumonitis can be a very burdensome com-
plication for the patients with suppressed immune systems, and kidneys, since renal
dysfunction may appear later in life, worsening their quality of life. For optimization
purposes, the contour of the OARs is shrunk by a few millimeters (2-3 mm in case
of kidneys and 3-5 mm in case of lungs [56, 57]), so the planning system has a few
millimeters of space to reduce the dose at relevant places. In this work, the size of the
margins was 2 mm for kidneys, and 5 and 4 mm for lungs in case of adult/teenagers
and little children (Patient #7 here), respectively. In the case of Patient #7, the size
of the margins was reduced to ensure that the ratio of the omitted volume to the
total body volume was close to that of adults. As an example, the relevant contours
of Patient #7 are shown in Figure 5.

It is important to denote that the purpose of the cropped contours is to make
the planning and optimization process more stable, and not to articulate the biolog-
ical importance of certain regions of an organ. Consequently, the dosimetric results

should always be interpreted for the entire organ, not for the shrunken contour.

(a) Contour of the lungs (blue) (b) Contour of the kidneys (dark green and or-

ange)
Figure 5: Contours of Patient #7. The body contour is green, the PTV contour is red.
4.5 Planning

In LINAC-based TBI, planning aims are to generate a homogeneous dose dis-
tribution over the entire patient while respecting dose constraints for radiosensitive
organs [66]. Since TBI involves large treatment fields, complex patient geometry,
and multiple treatment isocenters, the planning process should be standardized [68]
and reproducible with well-defined immobilization and simulation steps [55] to make
it safe and clinically feasible, especially regarding the required planning time [70].

VMAT-TBI workflows rely on multi-isocenter arc arrangements to compensate

for the limited field size and to achieve longitudinal dose uniformity [58, 68]. The

20



treatment geometry is predetermined by the CT acquisition, after which the body is
segmented into overlapping regions, each associated with one isocenter or isocenter
group [56, 57, 58]. To provide lateral dose coverage and homogeneity, sometimes more
than one isocenter is used in this dimension (hence the term isocenter group) [58].
Junction robustness between adjacent isocenters can be critically important, since
any misalignment may lead to local over- or underdosage [58, 70, 71]. For this reason,
planning studies typically use generous overlaps between arc fields [71]. Moreover,
during dual-arc setups, two arcs are used with the given isocenter, usually with op-
posite direction of rotation. On average, these approaches provide better dosimetric
results [72].

The planning process of this work required significant attention, since field ar-
rangement protocols vary from institute to institute, and the only way to adapt it to
the opportunities of our institute was through trial and error. Prior to conducting our
own trials, many of the field arrangements mentioned in the literature were tested,
but they led to "errors” rather than sufficiently homogeneous dose distributions. A
complicating factor in such trials is the diversity of treatment planning systems, as
differences in dose calculation algorithms and optimization methods limit the direct
transferability of planning protocols between institutions. In this work, the planning
protocol was developed using Varian Eclipse treatment planning system.

As a result of our own trials, the process should be discussed separately for
patients below and above 115 ¢cm in height. The process was developed for patients
above this height, since these kinds of data were accessible. Later, as Patient #7’s
data became available, the planning procedure could be simplified for cases where
the body height is lower than 115 cm.

The planning required multiple isocenters, spaced Az ~ 17.71 ¢cm apart (range:
[13;33] cm) in the z-direction, covering the patients from the neck to the lower pelvis
in case of patients above 115 cm body height. The reason behind the fairly close
isocenters is to give enough degrees of freedom to the optimization software to cover
a body in its full width and depth. In the z-direction, isocenters were placed on
the patient’s midline. Due to the geometry of the machines, the isocenter can be a
maximum of 32 cm from the edge of the table. Since the width of the table is 53 c¢m,
the isocenter’s maximum distance from the table in y-direction can be maximum
17.93 cm. As a result, in case of a maximum 35.87 cm width, the isocenters can
be placed in the center of the patient in the anteroposterior direction. Even obese
patients in the database used met this criterion.

Six full arcs were placed per isocenter, half of them with 10° collimation and
6FFF energy, half with 350° collimation and 10X energy. The rationale of the usage
of different energies was to provide sufficient dose for both superficial and deeper

tissues. The three identically collimated fields were opened in the z-direction in
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the following x-ranges: [—20 cm; —2 cm], [—10 cm; +10 cm]; [+2 c¢m; +20 cm], thus
ensuring adequate coverage and allowing the optimization software to adequately

spare the organs at risk. As an illustration of this field arrangement, see Figure 6.

Figure 6: Arrangement of fields with 10° collimation at a given isocenter (Patient #2).
The fields were fully open in the y-direction, and the fields of adjacent isocenters
overlapped. Figure 7a, Figure 7b and Figure 7c illustrate the geometry of the field

arrangement in axial direction on a patient’s left side, middle and right side.

(a) Left side (b) Middle (c) Right side

Figure 7: Field arrangement’s geometry in axial direction (Patient #2), showing the fields

with collimation of 350°.

In case of patients whose height exceeded 115 cm, the craniocervical region was
treated using lateral opposing fields, with gantry rotations of 92° and 268°. The
upper legs were treated using AP/PA opposing fields. An obese patient was an
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exception (Patient #3), since the hip area was too wide to be covered with AP/PA
fields. In his case, VMAT arcs were used at this region as well. The overlaps of the
opposing fields with the VMAT fields are illustrated in Figure 8.

(a) Overlap between the uppermostmost right (b) Overlap between the lowermost right VMAT
VMAT field with collimation of 10° and the right field with collimation of 10° and the right field

field of the craniocervical region. of the leg region.

Figure 8: Overlaps of static fields of the craniocervical and leg regions with the VMAT
fields (Patient #2).

It turned out that in case of small children who did not exceed the total body
length of 115 cm, Az = 33 cm was sufficient, since fewer degrees of freedom were
enough to cover the body in its full width and length. Within the framework of this
construction, the machine can treat 3 isocenters using a single patient setup, which
is enough to treat the whole body. As a conclusion, in case of patients this small
(Patient #7 in this study), VMAT arcs were placed along the entire body. As an

example of this field arrangement, see Figure 9.
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Figure 9: Field arrangement in case of a small patient (height < 115 cm) (Patient #7).

Given the highly modulated nature of VMAT-TBI plans, dose calculation accu-
racy also deserves especial attention. VM AT-TBI planning commonly uses relatively
fine dose-calculation grids (3—-5 mm, 5 mm is generally accepted [68]) [57, 70, 73, 74].
According to a general recommendation article (Seravalli et al. [68]), the Acuros op-
timization algorithm is recommended over the AAA algorithm. Despite this, AAA
was used in this work, since given the limited computing capacity, it provided more
favorable runtimes than Acuros, with a calculation grid of 5 mm. The treatment
planning system used the HybridServiceControl service connector, which allows
calculation tasks to be distributed between local and remote workstations. The con-
trol point field parallelization factor was set to 30; this parameter describes how
many control-point-related calculation tasks may be processed in parallel. The pro-
cessor utilization limit was set to 150%, while the physical memory utilization limit
was set to 100%, defining the maximum allowed use of the available memory. These
settings influence calculation time. The aperture shape control was set to "low” to
set a lower bound for the areas marked by the MLCs, hence ensuring a more robust

plan delivery. The optimization objectives used for all plans in this work are shown
in Table 2.

Structure Type Value Priority
Cropped lung Mean 720 cGy 90
Cropped right kidney Mean 720 cGy 90
Cropped left kidney =~ Mean 720 cGy 90
PTV Upper limit for Dy 1224 ¢cGy 99
PTV Lower limit for Digp 1200 cGy 100

Table 2: Optimization objectives

The result of investigating the autofeathering feature is quite counterintuitive, as
its function would be to smooth the junctions, but the dose distribution seems to

be more homogeneous and smooth when this feature is turned off (see Figure 10).
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(a) Autofeathering is turned off. (b) Autofeathering is set to 40 cm.

Figure 10: Dose distributions depending on the autofeathering feature.

The smoothing would ideally be achieved through dose profiles with shallower
slopes, but the comparison did not show significant difference between the slopes,
as the example shows in Figure 11. The difference shown by the profiles is a result

of statistical uncertainty, while the expected difference in slopes is absent.
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Figure 11: Example of dose profiles of corresponding fields in case of no autofeathering
and autofeathering set to 40 cm.

A possible explanation of this phenomenon could be that the autofeathering
feature itself was constructed to treat solid tumors, instead of a whole body, which
has a significantly bigger volume. However, no mention of this phenomenon could
be found in the literature. Probably not every feature of the planning software is
optimized for the planning procedures of TBI.

The coverage and maximum-dose metrics evaluated are shown in Table 3.
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Patient # Voo |%] Vos %] Dyg %] Dys5 (%] D50 (%) Ds[%]  Ds[%)]

1 97.2 92.2 88.49 92.73 102.89 107.12 108.54

4 96.8 90.0 88.19 91.91 102.19 108.38 110.03

5 99.2 96.4 93.08 96.19 102.58 106.65 108.03
Average (small)  97.73 92.87 89.92 93.61 102.55 107.38 108.87

2 88.5 67.3 75.74 83.60 97.26 106.86 110.13

3 81.1 62.6 69.19 75.56 96.82 105.03 107.00

6 96.9 92.1 87.68 92.68 101.53 108.15 109.94
Average (big) 88.83 74.00 77.54 83.95 98.54 106.68 109.02

7 (only VMAT) 97.8 94.6 89.60 94.50 101.40 105.90 107.30
In-house criteria  95< 90< <110
Literature values [98.45,100.04] [97.42,99.84] [88.5,97.5] [89.92,105.5] [104.16,106.5] 115.3  [108.25,117.6]
References [57, 58, 75] [57, 58, 75] [56, 65, 66, 76]  [58, 75, 76, 77]  [66] [76] (65, 66, 75]

Table 3: Plan coverage data. Small and big patients are grouped together, and Patient #7 is listed separately, given that the planning method used

in their case is different from that of the other patients. Literature value ranges are given as [min(z; — 0;), max(z; + 0;)], where z; denotes the
1 1

quantity in question for the i*" article, and o; denotes its standard deviation.
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Patient # HI, = % HI, = D2=Dos Y[, = Ds
D

Dso Dos
1 0.14 0.20 1.16
4 0.16 0.22 1.18
) 0.11 0.15 1.11
Average (small)  0.14 0.19 1.15
2 0.24 0.35 1.28
3 0.30 0.39 1.39
6 0.17 0.23 1.18
Average (big) 0.24 0.32 1.28
7 (only VMAT)  0.11 0.18 1.12
Literature values 0.15 [0.08,0.22] [1.14,1.18]
References [76] (66, 75] [59, 76]

Table 4: Homogeneity indices. Small and big patients are grouped together, and Patient
#7 is listed separately, given that the planning method used in their case is different from
that of the other patients. Literature value ranges are given as [min(x; — 0;), max(z; + 0;)],
where x; denotes the quantity in question for the " article, arlld o; denotes Zits standard

deviation.

Plan quality is assessed through indices that capture dose homogeneity as well.
The most widely used metric is the homogeneity index (HI), which reflects how
evenly the dose is distributed inside the PTV. There are several definitions of the
HI, some of which are listed below in Table 4, with the achieved values and literature
values. HI; was proposed by Kataria et al.(2023) [78], but this article discusses the
homogeneity index in general, so the presented values there are not relevant in the
context of TBI. As a reference value, HI; is calculated from data of a relevant article
by Venugopal et al. (2025) [76]. HIy definition is the recommended definition by
the ICRU 83 Report, but this report is a general guidance for radiotherapy, not
for TBI specifically [79]. The classical definition that is not listed in Table 4 is
HI= DB—‘;‘", but since it uses the point maximum dose, it is a numerically unstable
metric [78]. In spite of this, there are examples of its use in the literature [80]. Near
the coverage and the homogeneity of the dose, the doses of the OARs should be

taken into account during planning. The achieved doses are shown in Table 5.
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Patient# (Diungs) (%] (Diett xidney) [/0]  (Dright kidney) [70]

1 71.25 70.25 72.17

4 67.42 66.5 64.92

) 75.50 74.83 75.50
Average (small)  71.42 70.50 70.83

2 67.50 64.75 65.92

3 66.67 63.92 64.42

6 71.00 72.17 72.17
Average (big) 68.42 66.92 67.50

7 (only VMAT)  74.25 66.25 67.25
Literature values [60.46,91.99)] [51.29,90.5] [53.23,90.25]
References [56, 57, 58, 59, 66, 75]  [56, 57, 59, 66]  [56, 57, 59, 66]

Table 5: Doses of organs at risk. Small and big patients are grouped together, and Patient
#7 is listed separately, as the planning method used in their case is different from that
of the other patients. Literature value ranges are given as [min(z; — o;), max(z; + 0;)],
where z; denotes the quantity in question for the i*! article, alid o; denotes Zits standard

deviation.

4.6 Quality Assurance
4.6.1 Patient Specific Quality Assurance

Patient-specific quality assurance (QA) in VMAT-TBI verifies the agreement be-
tween the calculated and delivered dose distributions. In this work, verification was
carried out using the DoseCHECK module of the SunCHECK 3.2 (Sun Nuclear
Corporation, Melbourne, Florida, USA) software, which provides an independent
dose calculation based on the treatment plan parameters. This approach differs
from measurement-based QA systems commonly used in the literature (such as Ar-
cCHECK or Delta4 [56, 57, 73, 81]), as it relies on a secondary calculation algorithm
instead of detector-based measurements. Since VM AT-TBI plans involve large treat-
ment volumes and multiple isocenters, the use of an independent dose calculation
method provides an efficient and clinically practical solution for patient-specific QA
without the need for extensive measurement setups.

For each of the seven patients included in this study, gamma index analysis
was performed using the DoseCHECK-calculated dose distribution compared to the
treatment planning system dose for the VMAT arcs. The gamma index combines
dose difference and spatial agreement into a single metric, allowing for a quanti-
tative comparison of two dose distributions. A point is considered passing if both
the local dose difference and the distance-to-agreement criteria are satisfied simulta-
neously [82]. The evaluation was carried out using the commonly accepted gamma

criterion of 3%/3 mm, as widely reported in the literature [57, 81|, where passing
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rates above 95% are generally considered clinically acceptable. Some centers report a
stricter criterion (2%/2 mm) [56]. The passing rates are presented in Table 6. In ad-
dition to overall gamma passing rates, structure-specific evaluations were performed

for the PTV and the OARs, to assess dose agreement in clinically relevant regions.

Patient # PTV[%] Lungs[%] L. kidney[%] R. kidney[%] Overall[%]
1 97.55 95.78 100 100 97.41

4 94.32 95.28 100 100 95.94

5 98.35 94.03 100 100 98.35
Average(small)  96.74 95.03 100 100 97.23

2 93.65 94.79 100 100 93.8

3 31.64 71.03 57.4 20.77 33.15

6 44.71 82.6 95.27 90.32 84.26
Average(big) 56.67 82.81 84.22 80.36 70.40

7 (only VMAT) 82.06 98.82 100 100 99.04

Table 6: 3%/3mm gamma passing rates

It has been shown that gamma passing rates do not necessarily correlate with
clinically relevant dose differences [83, 84]. Gamma analysis does not capture po-
tential hot or cold spots either, since it allows localized dose discrepancies to be
masked, and it does not explicitly indicate the magnitude or clinical relevance of
dose deviations within specific regions of interest. Therefore, point and mean dose
comparison, as additional evaluation metrics, were also considered, as recommended
in the literature [83, 84]. The relative differences between the expected and the cal-

culated point and mean doses are shown in Table 7 and in Table 8, respectively.

Patient# (ADioc) [%]  ADy (%] ADWEI%]  ADRi™™ (%] ADRE (%]
1 -0.10 1.36 2.48 0.24 0.16
4 1.03 2.32 3.66 1.09 0.48
5 -0.20 1.74 3.66 1.20 1.03
Average(small)  0.24 1.81 3.27 0.84 0.56
2 0.53 2.18 2.66 1.03 0.99
3 4.80 3.55 4.40 3.75 4.39
6 2.88 4.96 5.90 4.17 3.19
Average (big) 2.74 3.56 4.32 2.98 2.86
7 (only VMAT) 0.17 24 3.63 1.71 1.94

Table 7: Relative differences between the predicted and the calculated point doses. The
mean isocenter relative dose difference was calculated by averaging over all evaluated
ijl AD

isocenters: (ADisoc); = fj, where I is the number of isocenters, AD; is the relative

difference at the ;' isocenter.
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Patient# A (D)ppy [%] A (D)yyng [%] A (D)1t widney [70] A (D) g ridney [70]
1 1.34 2.42 1.39 1.12
4 2.64 2.97 2.24 2.04
) 1.33 2.82 1.30 1.40
Average(small) | 1.77 2.74 1.64 1.52
2 3.08 2.80 2.7 2.57
3 4.96 5.46 7.56 7.13
6 4.08 4.43 4.90 4.91
Average(big) 4.04 4.23 5.07 4.87
7 (only VMAT) | 6.70 1.96 1.57 1.31

Table 8: Relative differences between the predicted and the calculated mean doses.

4.6.2 Absolute Dose Test

In this work, absolute dose verification was performed using an anthropomorphic
CIRS Thorax Phantom (CIRS Inc., Norfolk, Virginia, USA), similarly to other,
published works (e.g. Teruel et al. [56]).

The plan of Patient #7 was copied onto the phantom. Since this patient is very
small and a one-to-one anatomical correspondence with the phantom could not
be achieved, three different configurations were created in order to investigate dose
delivery to relevant parts: kidneys, lungs, and the abdomen as a homogeneous part of
the PTV. Reference points were defined for every insert, and were named according
to the nomenclature used by the IAEA [85].

The measurements were performed using a PTW Semiflex ionization chamber,
type 31013 (PTW Freiburg, Freiburg, Germany). This is a cylindrical ionization
chamber with a nominal sensitive volume of 0.3 cm?, intended for reference dosimetry
and dose-distribution measurements in radiotherapy water phantoms [86]. Its larger
volume gives a relatively high signal, which is useful for stable point-dose measure-
ments, although with reduced spatial resolution compared with smaller chambers.
The chamber reference point is located on the chamber axis, 9.5 mm from the cham-
ber tip [86]. PTW specifies a nominal response of approximately 10 nC/Gy [86].

The chamber was positioned with its reference point aligned to the measure-
ment point in the CIRS phantom. After applying the chamber voltage, the col-
lected charge was recorded with an electrometer for each arc investigated. Since the
chamber is vented, the reading was corrected for temperature and pressure. In the
present measurements, using po = 101.325 kPa, Ty = 20°C = 293.2 K, p = 99.65 kPa
and T' = 23.8°C = 297 K, the correction factor was kr, = fp; = 1.0299871. The cor-
rected reading was then multiplied by the calibration coefficient Np,, = 9.417 Cl%y
and the relevant correction factors. For the 10 MV beam, the quality index was
0.742, with kg = 0.977, ky, = 1.000 and k.. = 1.004. For the 6 MV FFF beam,
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the quality index was 0.629, with kg = 0.996, k,, = 1.000, and k.. = 1.007. The

absorbed dose can be calculated using these correction factors:
Dw,Q =M - kTp . k;pol : krec : ND,w : kQ (3)

, where M is the measured charge in nC.
The measurement arrangement with the Varian Truebeam LINAC is illustrated

in Figure 12.

Figure 12: Photos of the measurement arrangement

In the first configuration, the kidney region of the plan was positioned in the
central part of the phantom, as shown in Figure 13.

Data was collected using the third and fourth inserts. Since the dose to these
points was delivered by the fields of the uppermost and the middle isocenters, these
fields were investigated one by one. The fields were named in a way that the first

number denotes the isocenter (1: uppermost, 2: middle), the second denotes the
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Figure 13: First configuration for the absolute dose test: the kidneys’ dose distribution is

positioned to the central part of the CIRS phantom to investigate the delivered dose to

the kidneys and to the volume between them (inserts 3 and 4)

energy and the degree of collimation (1: 6FFF and 10°, 2: 10X and 350°) and the
last one denotes the position of the jaws in the z-direction (1: [-20 cm; —2cm)] , 2:
[—10 cm; +10 cm], 3: [+2 cm; +20 cm]). The calculated and the measured doses with
their relative absolute differences from each field at each measurement point in case

of the first configuration are shown in Table 9.

Field Reference point 3 Reference point 4
Planned [¢Gy] Measured [cGy] Difference [%] | Planned [cGy] Measured [cGy] Difference [%]

1/1/1 ] 6.8 7.51 0.24 8.1 8.08 0.01
1/1/2 | 82.3 84.9 0.87 25.8 26.14 0.11
1/1/31 0.8 1.75 0.32 0.8 1.66 0.29
1/2/1] 0.8 1.35 0.18 1.4 2.02 0.21
1/2/2 | 58.1 59.94 0.61 13.2 12.22 0.33
1/2/3 | 6.5 6.81 0.10 14.6 14.74 0.05
2/1/1| 1.0 1.81 0.27 1.4 2.16 0.25
2/1/2 | 51.3 51.16 0.05 14.3 14.52 0.07
2/1/3 | 24.2 24.32 0.04 27.4 27.40 0.00
2/2/1 | 8.6 8.56 0.01 14.7 14.19 0.17
2/2/2 | 55.3 52.62 0.89 23.3 22.90 0.13
2/2/3 1 0.5 1.01 0.17 0.5 1.04 0.18
Sum | 296.2 301.74 1.85 145.50 147.07 0.52

Table 9: Calculated and measured doses inside the left kidney (reference point 4) and
between the two kidneys (reference point 3). The relative absolute difference between the

planned and the measured doses was normed with the fraction dose (300 cGy).
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In the second configuration, one of the lung structures was aligned with a lung-

tissue equivalent part of the phantom, as shown in Figure 14.

Figure 14: Second configuration for the absolute dose test: the right lung’s dose distribution

is positioned to the right, lung-tissue equivalent part of the CIRS phantom (insert 6)

In this case, the fourth and sixth inserts were used to place the detector. The
dose to these points was also delivered by the fields of the uppermost and the middle
isocenters, so these fields were investigated, similarly to the case of the kidneys. The
calculated and the measured doses with their relative absolute differences from each

field at each measurement point in case of this second configuration are shown in
Table 10.

Field Reference point 4 Reference point 6
Planned [cGy] Measured [cGy] Difference [%)] | Planned [cGy] Measured [cGy] Difference [%)

1/1/1 | 61.6 66.25 1.55 10.6 9.62 0.33
1/1/2 | 65.6 62.27 1.11 107.0 104.39 0.87
1/1/3 | 69.2 72.63 1.14 9.3 9.69 0.13
1/2/1 | 40.8 41.30 0.17 6.4 6.48 0.03
1/2/2 | 31.5 32.18 0.23 30.2 28.35 0.62
1/2/3 1 19.3 20.48 0.39 8.6 8.57 0.01
2/1/1]0.2 0.58 0.13 0.2 0.56 0.12
2/1/2 | 0.4 1.29 0.30 0.5 1.45 0.32
2/1/3 1 0.6 1.29 0.23 1.1 1.55 0.15
2/2/1 | 1.6 1.76 0.05 1.9 1.56 0.11
2/2/21 0.9 1.21 0.10 1.2 1.42 0.07
2/2/3 1 0.2 0.50 0.10 0.2 0.48 0.09
Sum | 291.9 301.74 3.28 177.2 174.12 1.03

Table 10: Calculated and measured doses inside the right lung (reference point 6) and near
the left lung (reference point 4). The relative absolute difference between the planned and

the measured doses was normed with the fraction dose (300 cGy).
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In the third configuration, the abdominal region of the plan was positioned cen-
trally within the phantom to investigate the dose of the PTV at a sufficiently homo-
geneous region. The dose distribution calculated by the treatment planning system

is shown in Figure 15.

Figure 15: Third configuration for the absolute dose test: the abdomen’s dose distribution

is positioned to the central part of the CIRS phantom to investigate the dose of the PTV
(inserts 2, 3, 4 and 5)

To investigate the dose received by this area, the third and fifth inserts were used.
The dose to these points was delivered only by the fields of the middle isocenter.
The calculated and the measured doses with their relative absolute differences from

each field at each measurement point in case of this third configuration are shown
in Table 11.

Fiold Reference point 3 Reference point 5
Planned [¢cGy] Measured [cGy| Difference [%] | Planned [cGy] Measured [cGy] Difference [%]

2/1/1 | 22.6 22.74 0.05 5.2 6.08 0.29
2/1/2 | 211.7 207.81 1.30 213.2 210.63 0.86
2/1/3 | 7.2 8.08 0.29 3.9 5.07 0.39
2/2/1 | 5.2 5.95 0.25 2.1 2.96 0.29
2/2/2 | 45.7 53.00 2.43 73.5 73.99 0.16
2/2/3 | 3.3 4.04 0.25 1.8 2.60 0.27
Sum | 295.7 301.62 1.97 299.7 301.33 0.54

Table 11: Calculated and measured doses at a homogeneous area, the abdomen (reference
points 3 and 5). The relative absolute difference between the planned and the measured

doses was normed with the fraction dose (300 cGy).
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5 Discussion

5.1 Patient Cohort, Immobilization and CT

The patient cohort represents a limitation of this work. Since the study was based
on retrospective CT scans, the patients were not scanned in the intended VMAT-TBI
treatment position and did not use the proposed immobilization devices. Therefore,
the achieved dose distributions reflect the feasibility of the planning method rather
than the full clinical workflow. Most scans (Patients #1-6) did not include the entire
body, and patients with unfavorable arm positions had to be excluded. This selection
may have reduced anatomical variability.

Immobilization is an aspect that could not be validated directly in this study.
While most components of the proposed immobilization setup are based on estab-
lished clinical practice at the institute, their combined application in VMAT-TBI
has not yet been validated. Furthermore, the introduction of a rotatable tabletop is a
new feature at our institute, and its potential benefits in reducing setup uncertainties
must be confirmed through future investigations.

CT resolution plays an important role in VMAT-TBI planning, as it directly
influences contouring accuracy, dose calculation, and optimization times. In this
work, a slice thickness of 1 cm was selected based on a finer resolution, which showed
no relevant differences in dose distribution or DVHs apart from minor statistical
variations. This finding suggests that coarser CT resolution may be sufficient, while
reducing optimization time by 44.44%. Some articles [56, 57, 58, 69] mention the
duration of certain processes: optimization and dose calculation times range from 5
hours [69] to 25-30 hours [58].

This result is more permissive than most recommendations in the literature,
where slice thicknesses of 3-5 mm are preferred to ensure accurate representation of
anatomical details [57, 58, 65, 68], near some example of the usage of 10 mm slice
thicknesses[56, 58]. It should be noted that in case of TBI, the target volume is very
large and dose gradients are generally smoother, which may reduce sensitivity to
CT resolution, and clinical feasibility requires sensible computational times, which

are not always achievable with finer resolutions.

5.2 Target Volume and Organs-At-Risk Determination

In this work, the PTV was generated by contracting the body contour by a few
millimeters (4 mm in case of young children, 5 mm in other cases), in agreement
with common practice reported in the literature [56, 57, 65, 69]. This method is
applied to decrease dosimetric uncertainty in the superficial build-up region and to

provide enough backscatter media.
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The lungs and kidneys were excluded from the PTV to protect them from unnec-
essary damage. Additional margins were applied to these organs to facilitate dose
reduction during optimization, hence improving the quality of the optimization. This
method is commonly applied in the literature [56, 57]. In case of this work, the mar-
gin of the kidneys was set to 2 mm, while the margin of the lungs was dependent on
the patients’ size. It was 5 mm for adults and teenagers. In the case of the pediatric
patient (Patient #7), lung margins were reduced to 4 mm to maintain a comparable
ratio between spared organ volume and total body volume.

Some limitations must be acknowledged regarding the contouring process. Even
though the cropped structures provide an ideal dataset for optimization, the widely
adapted protocols should be interpreted within context, taking into account some
physiological aspects. Since the ribs contain red bone marrow, it is a high priority
to irradiate them properly [63], but due to the cropping, ribs might get out of the
PTV during breathing. There are several studies in which rib coverage is investi-
gated(e.g. [87, 88]), and this aspect should be taken into consideration in case of this
method as well. The contouring method for this specific technique can be considered
clinically acceptable if the appropriate rib coverage is ensured by measurements with

phantoms simulating breathing motion.

5.3 Planning

Just like in many other works from the literature [56, 57, 58, 59, 69, 72|, multiple
isocenters with dual-arcs were used in this research. In some papers, VMAT arcs
were distributed along the whole body [58, 65], while in case of this work, the
lower extremities (whole legs or the upper thighs) were treated with AP/PA fields
to reduce computational needs in case of patients whose height exceeded 115 cm,
especially since there are no OARs at these areas. Some publication also follows this
method [56], while other publications [57, 59, 69, 72] did not pay attention to this
detail, since similarly to this work, they worked with retrospective CT scans obtained
from head to upper thighs. In case of children whose height did not exceed 115 cm
(Patient #7), VMAT arcs were placed along the whole body, since this process did
not require more isocenters than the plans of taller patients with AP /PA fields. As a
result, the plan of Patient #7 could be optimized in one stage, instead of optimizing
AP/PA fields, then optimizing VMAT arcs, using the previous optimization as a
base dose plan, like in case of patients above 115 cm of body height.

Even though the literature has examples of automated treatment planning [56],
field placement happened manually in this work. Even though the field arrangements
from the literature tried out here did not give sufficient dose distributions, there are

aspects in which the details are similar. The VMAT fields were 18 cm x 40 cm and
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20 cm x 40 cm, similarly to Symons et al’s and Springer et al.’s work [57, 58]. On
the other hand, even though the idea of Springer et al. to use more isocenters in the
lateral direction [58] is remarkable, the reproduction of this arrangement did not
give better results than simpler field arrangements. Given that 2-4 cm of overlap
between fields is commonly used in the literature [57, 58, 59], the overlaps presented
in Figures 6, 7 and 8 appear to be excessive.

In the literature, collimator rotations are generally 0°, 90° and 30° (e.g. [57, 58]),
in contrast with the 10° and 350° of rotation in this work. Furthermore, in contrast
with the 6 MV energy used by Springer et al. [58], 6FFF and 10X energies were
used during this research, providing more degrees of freedom for the optimization
software to reach deeper tissues.

Relatively fine dose-calculation grid sizes are typically recommended in the liter-
ature, with 5 mm being widely accepted as a practical compromise between spatial
resolution and computational efficiency [57, 68, 70, 73, 74]. Although Acuros has
been reported to provide improved accuracy in bone and lung tissue compared to the
AAA algorithm [68], its use is associated with significantly increased computation
times. In the present work, AAA was therefore selected to ensure clinically feasible
planning times given the available computational resources. This choice represents a
trade-off between calculation accuracy and workflow efficiency, which is a common
consideration in clinical practice. The use of parallelized control-point-related calcu-
lation tasks and predefined processor and memory utilization limits influenced the
achievable calculation times as well. Therefore, the runtime advantage of AAA ob-
served in this work is specific to the available computational environment and may
not be directly transferable to treatment planning systems with different hardware
or service configurations.

To partially compensate for potential uncertainties related to dose calculation
and delivery, additional planning constraints were introduced. The aperture shape
control parameter was set to "low", limiting the formation of excessively small ML.C
apertures to enhance the robustness of plan delivery by reducing the sensitivity
to mechanical uncertainties. The uniform application of predefined optimization
objectives (Table 2) ensured consistency across all treatment plans, enabling a more
reliable comparison of dosimetric outcomes between patients. The combined impact
of algorithm selection, grid size, and modulation constraints should be considered
when interpreting the results, as these factors may influence both dose homogeneity
and the accuracy of dose estimation.

The observed effect of the autofeathering feature was unexpected, as its intended
purpose is to smooth dose transitions between adjacent fields, thereby improving
homogeneity. In contrast, the results of this study suggest that visually smoother

dose distributions were achieved when autofeathering was turned off. This finding
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is further supported by the dose profile analysis, which did not demonstrate the
expected reduction in gradient steepness when autofeathering was applied. The pro-
files remained comparable, indicating that the feature did not produce the expected
effect in the junction regions. One possible explanation for this is that such tools
are typically optimized for conventional radiotherapy scenarios involving localized
target volumes, where junction management occurs over relatively small scales. In
the context of TBI, the larger treatment volume and extended field arrangements
may limit the effectiveness of these built-in smoothing techniques. Consequently, the
algorithm may not scale appropriately to the geometric challenges of VMAT-TBI.
The absence of similar observations in the literature suggests that the behavior of
autofeathering in TBI settings has not been systematically investigated.

This highlights an important practical aspect: not all planning system features are
necessarily optimized for non-standard treatment techniques such as TBI. Therefore,
reliance on default or theoretically beneficial options without empirical validation
may lead to suboptimal planning procedure (e.g. in terms of optimization time if
the given feature requires more calculation capacity). The application of planning
tools should always be judged within the given clinical context, ideally evaluating
them empirically, rather than assuming their universal applicability.

The dosimetric results demonstrated dependence of plan quality on patient size.
While target coverage metrics (see Table 3) for "small" patients met or exceeded
institutional criteria (Voo > 95%, Vos > 90% and Dy < 110%) in most cases, "big'
patients showed a noticeable degradation in coverage. In this work, multiple defi-
nitions of the homogeneity index (see Table 4) was calculated to make comparison
with the literature possible. The obtained values show a similar tendency to the
coverage regarding patient size, while the OAR doses did not show such pattern.

As shown in Table 3, when comparing the coverage data obtained for "small" pa-
tients with the corresponding values reported in the literature [56, 57, 58, 65, 66, 75,
76, 77], it can be generally observed that treatment plans are typically normalized
to a higher dose level than in the present work. This is reflected in the fact that
coverage metrics (Voo, Vos, Dos, Dos, Dso) are generally lower than those commonly
reported in the literature, which are often associated with higher maximum dose
values (D5, D). In contrast, these high-dose metrics are lower in the results pre-
sented here. In this study, institutional guidelines were primarily followed (Voo > 95,
Vos > 90, Dy < 110), which are satisfied by the plans of "small" patients in cases of
Patient#1 and Patient#5. In case of Patient#4, Dy is slightly above the desired
threshold, but this 0.03% of elevation compared to the institutional criterion is ac-
ceptable and can be explained by statistical variations. In case of Patient#7, whose
plan contained only VMAT arcs from head to toe, all results regarding coverage are

in agreement with these criteria.
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The same tendency can also be observed for the OAR doses listed in Table 5. The
mean lung and kidney doses of the "small" patients, including Patient#7, are within
the ranges reported in the literature [56, 57, 58, 59, 66, 75|, but they are positioned
toward the lower part of these intervals. This is consistent with the lower target-dose
metrics discussed above and further supports the assumption that the plans in the
present work were normalized to a lower dose level, than those commonly reported in
the literature. Consequently, the reduced high-dose levels were accompanied not only
by lower maximum target doses, but also by relatively low mean doses to the lungs
and kidneys. The applied planning protocol prioritized agreement with institutional
dose constraints and OAR sparing, even if this resulted in slightly lower target
coverage compared with some published data.

Homogeneity indices were generally in agreement with literature values [59, 66,
75, 76] for the "small" patients, including Patient#7, as shown in Table 4. Patient#4
exhibits a borderline deviation in one of the indices (HI;), but the difference is minor
and does not affect the overall consistency with published results, especially since
the generally recommended metric by the ICRU83 is HI, [79]. This result indicates
that the planning protocol presented in this work is theoretically able to provide
sufficiently homogeneous dose distributions, which is a basic requirement of TBI.

In case of "big" patients, in-house criteria were satisfied only in case of Patient
#6, while in other cases the coverage is so insufficient that it cannot be normed to
a higher dose without making the maximum dose metrics unacceptably high. Since
no normalization could achieve acceptable plans, Table 3 presents results achieved
with normalizations similar to the "small" patients for the sake of comparison.

The OAR doses of the "big" patients follow the same interpretation. As shown
in Table 5, the mean lung and kidney doses remain within the literature-reported
ranges. The relatively low OAR doses in case of Patient #2 and #3 are probably a
consequence of the insufficient coverage and the normalization to lower dose levels.
If the plans were normalized upward in an attempt to improve target coverage, the
doses to the lungs and kidneys would also be expected to increase. Therefore, in
case of Patient#2 ans #3, acceptable OAR doses were achieved only in combination
with inadequate target coverage, indicating that the main limitation was not organ
sparing, but the inability to obtain a clinically acceptable balance between coverage
and OAR protection. Given that the plan of Patient#6 showed sufficient coverage,
the OAR doses in that case truly indicate the possibility of OAR protection.

Homogeneity indices were also strongly insufficient in case of Patient #2 and #3.
On the other hand, Patient #6 can be considered borderline acceptable rather than
clearly insufficient. Although HI; and HIy slightly exceed the literature-reported
ranges, the deviations are modest, while HI3 remains within the reported range.

Considering coverage metrics, OAR doses and homogeneity indices, the plans
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were acceptable in case of "small" patients (Patients #1, #4, #5, #7) and of one
"big" patient (Patient #6). Neither coverage nor homogeneity fulfilled the clinical ex-
pectations in case of Patient #2 and #3, who both belong to the "big" patient group.
In case of Patient#3, VMAT arcs were used in the hip area instead of AP/PA fields,
since the latter ones could not cover the patient due to obesity, while Patient#2 had
a larger skeletal frame. Even though Patient#6 was considered a "big" patient, they
were comparably smaller than the other two patients in the group - apparently, they
were closer in length to the largest "small" patient (Patient #1, length of 76.8 cm)
than to the other "big" patients (88.5 cm and 97 cm) with a length of 81 cm (see
Table 1).

5.4 Quality Assurance
5.4.1 Patient Specific Quality Assurance

Like in the case of metrics obtained from the treatment planning system, the
results revealed distinction between the performance of plans for "small" and "big"
patients.

For "small" patients, including Patient#7, gamma passing rates were consistently
high, overall exceeding the commonly accepted threshold of 95% for the 3%/3 mm
criterion [57, 81] (see Table 6). This was observed for the overall evaluation, while
within clinically relevant structures such as the PTV and lungs, some of the passing
rates (Patients #4 and #5, respectively) were between 94% and 95%. Such small
reductions may arise from dose calculation differences in regions with high dose
gradients, where even slight discrepancies can lead to local gamma failures without
indicating clinically relevant dose errors.

The lower PTV-specific gamma passing rate (82.06%) observed for Patient#7
may be explained by the patient geometry. The arms were positioned relatively far
apart, resulting in a less compact and less ideal body contour for VMAT optimiza-
tion and dose verification. This geometry may have increased local dose-calculation
discrepancies in the upper extremity regions, as can be seen in Figure 16, thereby
reducing the PTV gamma passing rate. Since the overall gamma passing rate and
the OAR-specific passing rates remained high, this suggests that the discrepancy

was localized rather than representative of a general failure of the plan.
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Figure 16: Dose distribution at the upper extremities of Patient #7

Relative differences in case of "small" patients remained within a few percent for
both point (see Table 7) and mean (see Table 8) doses across all evaluated structures.
On average, lung doses showed the biggest difference both in case of point (3.27% on
average) and mean doses (2.74% for Patients #1, #4 and #5), which are clinically
acceptable within our in-house protocols. In case of Patient #7, the difference of the
mean PTV doses turned out to be quite elevated (6.7%), which might be explained
by the same condition described in case of the gamma passing scores. It is worth
denoting that the overall gamma passing rate for this patient was 99.04%, and the
evaluation of this single metric would have masked the elevated mean PTV dose
difference.

These results indicate good agreement between the treatment planning system
and the independent dose calculation, suggesting that the plans are reliably deliver-
able in case of a real clinical situation, where immobilization provides a more ideal
patient geometry for the planning procedure.

In contrast, the patient specific QA results for the "big" patients are less promis-
ing. While the QA results of Patient #2 were close to clinical acceptability, Pa-
tients#3 and #6 exhibited reduced gamma passing rates, especially in the PTV.
The extremely low values observed for Patient#3 (33.15% overall passing rate, see
Table 6) indicate a significant discrepancy between calculated and independently

verified dose distributions, raising concerns about the reliability of dose delivery in
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such cases. Patient#6’s plan, although acceptable in terms of coverage and homo-
geneity, still demonstrates low QA performance, suggesting that acceptable plan
quality does not guarantee deliverability in case of bigger patients. The reason be-
hind the difference could be that DoseCHECK uses a different calculation algorithm
(CCCS - collapsed cone convolution/superposition algorithm [89]).

Point and mean dose deviations (Tables 7 and 8, respectively) in these cases
showed corresponding tendencies as the gamma passing rates. In case of Patient#3,
differences up to 4.8% and 7.56% were observed for point and mean dose differences,
respectively, while these values were up to 5.9% and 4.91% for Patient#6. The
differences in case of Patient #2 were within the range of the values observed in
case of "small" patients. Since Patient#3 and #6 were overweight, while Patient #2
is normal weight with a large skeletal frame, the independent calculation, and hence

the simulated delivery, might fail due to the excess adipose tissue.

5.4.2 Absolute Dose Test

The absolute dose measurements demonstrated good agreement between the
planned and measured doses. Across the three phantom configurations, the summed
point-dose differences were between 0.52% and 3.28% when normalized to the frac-
tion dose of 300 cGy. This result is in agreement with the similar measurement of
Teruel et al., where OSLDs were used with a CIRS phantom, and the dose deviations
were 4% [56]. Springer et al. performed MOSFET dosimetry, resulting in a differ-
ence between the planned and measured dose of 3.6% in the axilla and 4.3% in the
wrist /hip-inguinal regions [58]. Tas et al. verified plans using DVH-based 3D patient
QA systems (Dolphin and Compass), which demonstrated small differences between
planned and delivered doses averaging 1.1%=+0.7 for mean lung doses, 3.3%+1.3 for
mean kidney doses, and 0.9%=+0.4 for mean PTV doses. Even though these mea-
surements in the literature are quite different in terms of devices, the comparison
shows that the obtained differences shown in Tables 9, 10 and 11 are similar to these
values.

The kidney configuration (see Table 9) showed particularly good agreement. The
summed differences were 1.85% between the kidneys (reference point 3) and 0.52%
in the left kidney (reference point 4).

For the lung configuration, the measured dose inside the lung-equivalent region
agreed with the calculated dose within 1.03%. The largest summed deviation of the
absolute dose test, 3.28%, was observed near the left lung (reference point 4) in
the same configuration. There are two reasons behind this comparatively elevated
difference. First of all, the fields of the middle isocenter did not explicitly cover

the measurement points in this configuration. Unfortunately, in cases like this, the
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treatment planning system underestimates the doses from such fields [90]. As it can
be seen in Table 10, in case of reference point 4, the measured doses of the field
of the middle isocenter are consistently higher than the planned doses for these
fields. In fact, 2.37% of the total 3.28% difference came from these fields. The other
reason behind the elevated dose difference is that the measurement point was at
a high-gradient region. The ionization chamber has a finite sensitive volume, and
the measured dose will be an average over this volume, while the calculation by the
treatment planning system was performed for a single point. The ionization chamber
itself was probably placed in a way that a slightly bigger volume was positioned
at a higher-dose region, hence the measured average dose over this volume was
higher than the point dose calculated by the treatment planning system. Even this
highest discrepancy remained within a few percent, which is in agreement with the
literature [56, 58, 59].

The third configuration investigated a relatively homogeneous abdominal region
of the PTV. The summed differences were 1.97% and 0.54% at reference points 3
and 5, respectively. The good agreement in this homogeneous part of the phantom
suggests that the treatment planning system and delivery system were able to re-
produce the intended PTV dose accurately under conditions less affected by tissue

heterogeneity and steep dose gradients.
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6 Conclusion

The aim of this work was to develop a clinically feasible VM AT-based TBI plan-
ning workflow adapted to the technical conditions of our institute.

The results demonstrate that the proposed planning method is capable of produc-
ing acceptable treatment plans for some patients, with limitations regarding patient
geometry.

The planning results indicate that acceptable target coverage and dose homo-
geneity can be achieved for smaller patients. All evaluated "small" patients fulfilled
institutional criteria, and their dosimetric parameters were generally in agreement
with values reported in the literature when differences in normalization strategies
are taken into account. In addition, one patient categorized as "big" (Patient #6)
also demonstrated acceptable coverage and homogeneity. However, this patient was
closer in body length to the upper range of the "small" group than to the other "big"
patients. The results imply the existence of an upper size threshold beyond which
clinically acceptable plans cannot be achieved with the planning technique demon-
strated here. Due to the limited cohort size, this threshold could not be determined
in the present study and should be investigated in future work with a larger patient
population.

Patient-specific QA results further emphasized the dependence of deliverability on
patient characteristics. While the plans for smaller patients all showed agreement
between planned and independently calculated dose distributions, the results for
"big" patients were more diverse. Plans in case of overweight patients (Patients #3
and #6) showed reduced gamma passing rates and increased dose deviations, while
the patient with normal weight and a larger skeletal frame (Patient #2) had QA
results much closer to clinical acceptability. This observation suggests that excess
adipose tissue, rather than overall body size, may affect the reliability of the delivery.
Additional studies are required to evaluate this effect and to determine whether
specific planning or calculation strategies could eliminate this limitation.

In case of Patient #7, a reduced gamma passing rate was observed in the PTV
despite high overall and OAR-specific agreement. This discrepancy is related to
the non-ideal arm positioning. This result emphasizes the importance of patient
positioning and immobilization.

The absolute dose test confirmed that the planning protocol described in this
work can be delivered with good dosimetric accuracy in target-like, kidney-related,
and lung-related regions. The main limitation of the test was the lack of one-to-
one anatomical correspondence between Patient #7 and the CIRS thorax phan-
tom, which required separate configurations for different anatomical regions. There-

fore, the measurement should be interpreted as a verification of representative dose-
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delivery scenarios rather than a full anthropomorphic reproduction of the patient
geometry. Despite this limitation, the agreement between calculated and measured
doses supports the clinical feasibility of this workflow. In the literature, there are ver-
ification measurements using ArcCheck [57, 58] and Octavius phantom with an ion-
ization chamber [69], providing the opportunity to perform gamma analysis, which
is able to give information about the dose distribution as a whole, unlike point dose
measurements, but performing only the latter also appears in articles [56, 58].

There are a few planning system features and clinical techniques reported in the
literature that were not tried out in this work. For example, the use of spoilers or
bolus materials, including gel boluses, has been suggested to improve dose build-up
and surface dose coverage [58, 65]. Their potential benefits should be assessed in
future studies.

Another aspect that has not been investigated in this work is the plans’ robust-
ness against setup uncertainties. Since small longitudinal misalignments can gener-
ate local over- or underdosage in junction regions, absolute dose testing frequently
includes intentional couch shifts to simulate dose variations in case of positioning
errors or patient movement [57, 59, 65].

Although image-guided verification represents an important component of
VMAT-TBI, it was beyond the scope of the present work to investigate it in practice.
In VMAT-TBI, cone-beam computed tomography (CBCT) is commonly acquired
prior to irradiation at each isocenter (e.g. [66]) or at selected anatomical regions
(e.g. head—neck, thorax, pelvis) [91] to match on-treatment images to the planning
CT dataset. Registration is generally performed using bony anatomy, but Meyer
et al.’s paper suggests registration based on gray value [92]. Surface-guided radio-
therapy (SGRT) systems provide real-time monitoring of patient position using op-
tical surface scanning. The acquired external surface is compared with a reference
surface derived from the planning CT. SGRT is very advantageous in TBI, since long
beam-on times could cause intrafraction motion which may compromise dose unifor-
mity [75]. Furthermore, the absence of additional ionizing imaging dose represents a
benefit, especially in pediatric patients. Although not strictly an imaging modality,
in-vivo dosimetry is frequently used in TBI verification protocols. Semiconductor
diodes, thermoluminescent dosimeters (TLDs), or MOSFET detectors [93] are po-
sitioned at representative anatomical sites (e.g. neck, oral cavity, hip, apical and
basal lung) [94] to confirm the delivered dose during initial fractions. It is a natural
direction for future work to incorporate image guided verification techniques to the
technique described in this work.

In summary, the presented VMAT-TBI planning method is feasible for smaller
patients, but limitations occurred for patients with larger body size, especially for

those with increased adipose tissue. The QA results of Patient #7 drive attention to
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the importance of patient positioning and immobilization in a way to ensure compact
geometry. Future work should focus on investigating size-related feasibility limits,
robustness against setup variations, and image guided verification techniques. The
planning technique presented here should be modified to match the cases of bigger

patients.
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