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Abstract

For the epidemiological evaluation of long-term side effects of radiotherapy patients, it is important to know the doses
to organs and tissues everywhere in the patient. Computed tomography (CT) images of the patients which contain the
anatomical information are sometimes available for each treated patient. However, the available CT scans usually cover
only the treated volume of the patient including the target and surrounding anatomy. To overcome this limitation, in this
work we describe the development of a software tool using the Varian Eclipse Scripting API for extending a partial-body
CT to a whole-body representation in the treatment planning system for dose calculation. The whole-body representation
is created by fusing the partial-body CT with a similarly sized whole-body computational phantom selected from a library
containing 64 phantoms of different heights, weights, and genders. The out-of-field dose is calculated with analytical models
from the literature and merged with the treatment planning system-calculated dose. To test the method, the out-of-field dose
distributions on the computational phantoms were compared to dose calculations on whole-body patient CTs. The mean
doses, D2% and D98% were compared in 26 organs and tissues for 14 different treatment plans in 5 patients using 3D-CRT,
IMRT, VMAT, coplanar and non-coplanar techniques. From these comparisons we found that mean relative differences
between organ doses ranged from —10% and +20% with standard deviations of up to 40%. The developed method will help
epidemiologists and researchers estimate organ doses outside the treated volume when only limited treatment planning CT
information is available.
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1 Introduction

In developed countries, more than half of all cancer patients
receive radiotherapy at some stage in the management of their
disease. Advances in cancer treatment have steadily improved
survival times over the past four decades and the number of
cancer survivors continues to increase reflecting advances in
early detection and treatment as well as the overall aging and

growing population. In 1971, three million people were living
with cancer in the US population. In 2016, already more than
15.5 million Americans with a history of cancer were alive
and this number is projected to reach more than 20 million by
2026 [1,2]. In the absence of other competing causes of death,
64% of adults whose cancer was diagnosed during 1995 and
2000 could expecttobe alive 5 years after diagnosis, compared
with 50% for those whose cancer was diagnosed during 1974
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and 1976. Among children, the improvement of cure rates is
even more pronounced with 83% five-year cancer survivors
(2005-2010), compared with 58% after diagnosis during 1975
and 1977 [1].

Among all cancer survivors in 2016, 21% of female sur-
vivors were diagnosed more than twenty years ago compared
to 13% of males [1]. Approximately half of these long-
term survivors received a radiotherapy treatment and are thus
subject to radiation-related side effects. These long-term sur-
vivors experience a significant incidence of chronic health
problems after their treatment, including second primary can-
cer [2]. A second cancer is defined as a histologically distinct
cancer that develops after the first cancer. In total, 95,000
of the 1.2 million new cancers diagnosed every year in the
United States are second cancers [3]. Second cancers therefore
account for 6-10% of all cancer diagnoses. A radiation-
induced secondary malignancy can be the price of success,
if the primary cancer is cured or at least controlled. Radiation
Therapy increases the risk of second cancer by 1.2-fold to
3-fold in adults and by 6-fold to 10-fold in pediatric patients.

Research and development in radiation oncology is mainly
directed to further increase cure rates. This is currently
achieved by the application of new radiation treatment
modalities such as intensity-modulated radiotherapy (IMRT),
volumetric-modulated arc therapy (VMAT), proton and heavy
ion radiotherapy. These newer treatment modalities better
localize the high radiation dose to the target, but sometimes
at the expense of exposing a larger volume of the body to a
low radiation dose [4]. As dose is a major risk factor for the
development of second malignancies [5,6], it will take decades
of follow-up to fully understand how these new treatments
impact the long-term health of cancer survivors.

The major input for radiation risk models is the three-
dimensional (3D) distribution of dose within the patient.
While the dose calculations in the surrounding tissues of the
target are precise (on order of a few %), several research
groups have sought to develop analytical dose algorithms as
well as Monte Carlo methods to improve dose estimates in the
out-of-field region [7-10].

However, a major problem in calculating the whole-body
dose and finally second tumor risk in radiotherapy is that the
treatment planning is typically performed using a partial-body
CT. To minimize the radiation exposure, the scan range typi-
cally covers only the area of interest to the treatment, whereas
second tumors can sometimes occur outside the scanned
region [11]. Therefore, alternative approaches are necessary
to allow a whole-body dose calculation. At least the surface
and critical structures of the patient are needed for out-of-
field dose computations. Whole-Body computational human
phantoms can be used to provide extended anatomy of out-
of-scan organs [12-14]. By fusing the partial-body CT of the
patient with a computational human phantom, a whole-body
representation of the patient can be created.

Kuzmin et al. [12] reported a novel method to extend a
partial-body CT to a whole-body CT for the purpose of the

calculation of out-of-field organ doses for patients who under-
went external radiotherapy. They selected a computational
human phantom by matching a given patient’s height and
weight from a library of 351 pediatric and adult computa-
tional human phantoms covering different body sizes [15].
A whole-body anatomy was created by combining the orig-
inal RT Image and RT Structure files of a patient with the
selected phantom. The authors confirmed that their method
results in improved dosimetric accuracy for external radiother-
apy patients compared to the results only based on whole-body
phantoms after applying their method for chest and prostate
irradiation cases [12].

Models for calculating the out-of-field dose have been his-
torically available for the purpose of dose calculations for
epidemiological studies for RT patients [16]. These models
either lack the generalization to more advanced treatment
techniques such as IMRT [10] or do not model all relevant
scatter radiation. The novelty of this work is the creation
of a patient-specific whole-body representation which is
embedded in a commercial TPS. In comparison to the work
of Kuzmin et al. [12], the implemented dose calculation
engine calculates all radiation scatter contributions separately,
including neutron dose and is applicable to complex photon
radiotherapy techniques such as IMRT or VMAT.

The authors are of the opinion that with this work a truly
patient-specific whole-body dose estimation in photon radio-
therapy is achieved.

2 Materials and method
2.1 Whole-body representation

A software solution was developed which automatically
fuses a partial-body CT with a whole-body computational
human phantom. The phantom is selected from a sophisti-
cated library of computational phantoms by using the patient’s
size and weight [15]. For the current work, the whole-body
phantom library contained 64 phantoms of both genders (male
and female) and various heights and weights to cover typical
sizes of radiotherapy patients. The heights of the phantoms
ranged from 50 to 190 cm with weights of 5 to 130kg. The
phantoms were derived from a pre-existing library of 351
pediatric and adult phantoms [15], which was extended from
ten pediatric and two adult male and female reference size
phantoms developed in the collaboration between the Uni-
versity of Florida and the National Cancer Institute [17]. The
reference phantoms were developed from patient CT images
in the format of Non-Uniform Rational B-Spline (NURBS),
which was non-uniformly transformed to match the reference
organ mass [18], gastrointestinal tract mass and dimension
[19], and standard elemental composition and density [20].
The 64 adult male and female phantoms were converted to
DICOM CT format with an accompanying DICOM-RT struc-
ture set (RTSTRUCT) containing the organ contours for the
whole-body phantom [21].
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Figure 1. The user interface for the creation of the whole-body representation. On the right side the whole-body representation of a lung

patient is shown in the Eclipse TPS.

The following paragraph describes how the software uses
scripting application programming interface (API) within the
Eclipse treatment planning system (TPS) (Varian Medical
Systems, Palo Alto, CA, USA) to generate the patient’s whole-
body representation and dose distribution.

To create a patient-specific whole-body representation, a
rigid registration algorithm is used to merge the patient and
phantom body structures (organ delineation sets). To this end,
a structure which is completely included in the limited CT
as well as in the virtual NCI phantom, is chosen by the user.
The center of mass of this structure is then used to align the
patient image with the phantom image. Structures which are
partly contained in the original CT can be merged with the
corresponding structure in the phantom. The final structure
consists then of the original structure in the volume of the orig-
inal CT and of the phantom structure outside the CT. In this
way the original patient structures are consistently extended.
By pressing the button “Create Whole-body Representation”,

the desired phantom-patient hybrid structure set is created.
From here on the term “phantom” is interchangeably used
with the term “whole-body representation”. A progress report
window shows the different actions taken by the program dur-
ing creation. In the whole-body representation the density of
air is automatically assigned to all lung structures while the
density of water is assigned to all other structures including
the body. After successfully generating the representation, the
user can optionally save the result to the TPS database or can
proceed directly to the next step. Saving the result allows the
user to view the whole-body representation in Eclipse TPS.

Figure 1 shows the user interface of the program. The user
selects a patient and the treatment plan for which the whole-
body representation should be constructed. The partial-body
CT is merged with a whole-body phantom selected from a
library. Any library of phantoms can be used provided that
the DICOM-RT structure sets (RTSTRUCT) are existing in
the TPS.



162

P. Hauri et al. /Z Med Phys 32 (2022) 159-172

Whole-Body Dose for Varian TrueBeam

Load Patient

patient ID course ID plan ID whole-body representation
ESTROlung '~ a
to estimate phantom

Hybrid3D_PHA ~ create new representation

patient: orientation  age  gender height (cm) weight (kg) matching phantom

Create Whole-Body Representation | Create Whole-Body Dose | Calculate Second Primary Tumor Risk

1S 5 £ |v| 165 70

B |

IReset Whole-Body Representancnl

beam data
beamid  MUs  energy (MV)

v 230 26 15 v
v 130 27 15 -
Vo s [6 |+

whole-body representation

plan ID whole-body rep. calculate dose in volume

WBD9_Hybrid3D Wm.‘ ] XEXTERNAL 2 Long total
cvoated " [V cOternal [EXTERNA [ xLungTot
2/28/2019 4:05:43 PM “ ‘;f‘"”"' } xtuan
cSkin xLungl
| Esophagus [ 1E xternal

selection of dose contributions
[V patient scatter [V collimator scatter
[V head leakage v neutrons 15 MV (TrueBeam)  ~

[V include high dose (TPS)

point dose, mean photon energy and TLD correction factor

begin co-planar calculation at 5 % of prescribed dose (max. 10%)

center of masses from save as .txt depth dose resolution (cm)

Save to ARIA DATA BASE

lung density-like structures

Setlddung #5tr:12 Ind:0 | | Hybrid3D_PHA 01
peripheral dose grid resolution
range (field edge = 0 cm)  resolution:
from (cm)  to (cm) x(cm) y(cm) z(cm)
0 5 1 1 0.25
5 15 1 1 0.5
15 80 1 1 1

Create Whole-Body Dose|

Figure 2. The tab of the whole-body dose creation. After completing this step and saving to the database the whole-body dose can be
calculated and viewed in Eclipse (as shown on the right). A continuous translation between the TPS and the algorithm-calculated 3D dose

distribution can be seen.
2.2 Whole-body dose

Figure 2 shows the section of the program to calculate the
dose distribution. The user selects a whole-body represen-
tation and a treatment plan for which the whole-body dose
shall be calculated on. Hauri et al. [22,7] describe how the
peripheral-dose is calculated and subsequently merged with
the TPS calculated dose. In summary, phantom scatter, colli-
mator scatter, leakage dose and neutron dose are calculated for
aspecific Linac and treatment plan. The whole-body dose con-
sists of the original dose calculated by the treatment planning
system and the out-of-field dose, both of which are merged at
the 5% isodose.

The accuracy of the whole-body dose calculation was
previously evaluated by comparing calculations to exper-
imental measurements. For twelve treatments of different
indications (Hodgkin disease, ependymoma in the head, and
rhabdomyosarcoma in the prostate), the whole-body dose was
measured using a male and female anthropomorphic Alderson
phantom. The measurements are explained in detail in a sepa-
rate publication by Hauri et al. [22]. The dose was delivered by

three different modalities (3D-CRT, IMRT, and VMAT) using
two nominal beam energies (6 MV and 15 MV). For each treat-
ment, anthropomorphic Alderson phantoms were loaded with
around 400 thermoluminescent dosimeters and the dose was
delivered. It was found that in the peripheral dose region, the
calculated stray dose agreed within 10 4= 22% (mean and stan-
dard deviation) compared to the measurements. The measured
stray dose for the twelve treatments contained the secondary
photon and neutron dose [22].

2.3 Verification of the whole-body representation

The correctness of the described method to create a patient-
specific whole-body representation was tested by comparing
the dose in a patient’s whole-body CT and the dose in their
respective whole-body representation. Firstly, a registration
between the whole-body CT and the phantom was performed
using a structure lying in the treated volume. Since the patient
CT was not limited, a merging of the CT and phantom was
not necessary (e.g., see Figure 3). By calculating the out-of-
field dose in the original patient CT and in the phantom, a
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Figure 3. The sagittal and coronal views of a 30-year-old female patient with breast cancer; CT overlayed with selected structures (organ
delineation sets) of the virtual phantom. Orange — body outline of virtual NCI Phantom, Blue — Brain, Violett — Small Bowel, Purple — Liver,
Violett — Colon, Magenta — Esophagus, Green — Heart, Black — Kidneys, Dark Blue — Lungs, Light Green — Stomach, Yellow — Fetus trunk.

one-to-one comparison of the dose in various organs could be
performed and quantitatively analyzed.

Figure 3 shows the sagittal and coronal views of a 30-year-
old female patient with breast cancer. The images show the CT
overlayed with selected structures of the virtual NCI phantom.

Four patients of different sizes were selected for the com-
parison. For each patient a typical tumor indication was
selected and an appropriate target was defined. Treatment
plans using different techniques (3D-CRT, IMRT, VMAT)
and different nominal beam energies (6 and 15MV) were
designed. Dose was calculated using the Eclipse V15.6 TPS.
Afterwards a whole-body representation was created and the
out-of-field dose was computed on the original CT as well as
on the whole-body representation and merged with the TPS-
dose. The TPS dose was used wherever the dose was larger
than 5% of the prescribed dose on the cranial-caudal axis of the

whole-body phantom. Everywhere else the out-of-field dose
calculation was used. For each organ in the original whole-
body CT scan as well as in the whole-body representation
(phantom), the differential dose volume histogram (DVH) was
exported from the TPS. For each DVH, the mean dose, Dogq,,
and D»¢q, were calculated, where Dggg, and D;¢, represent the
minimum dose received by 98% and 2% of the organ volume,
respectively. The mean dose, Dogg,, and D»¢, in the organs of
the whole-body CT scan and the whole-body representation
were compared if Dyg, was smaller than 5% of the prescribed
dose. The 5% level was chosen because we are interested in a
verification of out-of-field doses and above this level the dose
was calculated by the TPS.

The whole-body CT scans of 4 patients (8-week-old baby,
7-year-old child, 30-year-old pregnant woman, and a 38-
year-old man) were downloaded from the web page of the
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Helmholtz Zentrum Munich [23]. The DICOM files were
imported into the Eclipse TPS and contained all the relevant
structures for dose comparison.

In a next step the targets and dose prescriptions for treat-
ment planning were defined. In the 8-week-old baby a target
representing a gluteal rhabdomyosarcoma on the right side
was drawn. A dose of 31.2 Gy was prescribed in two daily
fractions of 1.2 Gy, 5 times a week. The same schedule was
used for the 7-year-old child, with the target being an osteosar-
coma of the right middle ear. For the 30-year-old pregnant
woman a breast target was selected. A radiotherapy schedule
after breast conserving surgery of nodal positive right-sided
breast cancer was used. The target included the whole right
breast and the ipsilateral supraclavicular and internal mam-
mary lymph nodes stations with a total of 50 Gy delivered in
25 fractions (2 Gy per fraction). For the 38-year-old male two
targets were defined. The first one was a mediastinal Hodgkin
disease with a dose of 30 Gy delivered in 15 fractions (2 Gy
per fraction). The second one was a typical seminoma target
for which a paraaortic radiotherapy with 20 Gy delivered in
10 fractions (2 Gy per fraction).

Several different treatment plans were created within the
Eclipse V15.6 TPS for each one of the five tumors. The treat-
ment plans represent various potential and feasible irradiation
techniques with either one of the two photon energies 6 MV
or 15 MYV, to irradiate these patients. For the 8-week-old baby
with the gluteal target only 6 MV photon beams were used.
Three plans were realized. One plan was a 3D conformal
plan with three coplanar fields with dynamic wedges. The
second plan contains seven coplanar IMRT fields. In addi-
tion, a VMAT plan was created using 2 coplanar arcs, each
with an avoidance angle of 120 degrees over the contralat-
eral side. The matching of the patient CT with the phantom
was performed using the liver structure. For the 7-year-old
child with the tumor in the middle ear three plans with 6 MV
photon beams were created. The first plan is a VMAT plan
with two arcs. The second plan was created with eight non-
coplanar static IMRT fields. Additionally, a VMAT plan was
created with two non-coplanar arcs, both containing avoid-
ance angles of 120 degrees over the contralateral side of the
head. The matching of the patient image with the phantom
image was performed on the brain. Two therapy plans were
prepared for the 30-year-old pregnant woman with a breast
tumor. One plan was created with two tangential IMRT fields
for the irradiation of the right breast and a third static field with
a dynamic wedge for the supraclavicular lymph nodes. In the
other plan, the sternal lymph nodes got included as well. The
irradiation was planned as a hybrid plan with two tangential
IMRT fields and two VMAT fields which cover the supra-
clavicular and sternal lymph nodes. The match of the patient
image with the phantom image was performed on the right
lung. The 38-year-old man with the Hodgkin lymphoma got
two plans with two opposing static IMRT fields and two plans
containing two opposing static fields with dynamic wedges.
For either technique, 6 MV photons were used in one plan and

15MV in the other. The matching of the patient image with
the phantom image was performed on the left lung. The 38-
year-old male patient with the seminoma was planned with
two opposing static 6 MV photon fields and in another plan
with two opposing static 15 MV photon fields. The matching
of the patient image with the phantom image was performed
on the liver.

In Table 1, an overview of the target, dose prescription and
treatment plans for each patient is listed.

3 Results

In the following sections we are presenting the compar-
isons for the different patients. Detailed results are only shown
for the 30-year-old female with breast cancer. For the other
patients only summarized results are shown. Details can be
found in the supplementary material.

3.1 30-year-old female with breast cancer

The 30-year-old female with breast cancer was matched to
a 30-year-old female phantom with a height of 165 cm and
weight of 60kg. Figures 4 and 5 show the dose differences
between the dose calculation performed on the original CT
and the phantom for IMRT/3D-CRT and IMRT/VMAT plan,
respectively. The average differences between the mean dose
in 19 out-of-field organs including the fetus for the mixed
IMRT/3D-CRT plan were 4.7 mGy and the standard deviation
was found to be 56.9 mGy. The maximum deviation of the
mean dose in the phantom compared to the original patient
is —89.8% and is found in the mandible. The best match for
the mean doses in the original patient and the phantom was in
this plan found for the heart with a deviation of —0.3%. For
the combined IMRT/VMAT plan the average difference of the
mean dose was 11 mGy with a standard deviation of 59 mGy.
The maximum deviation of the average dose in the phantom
compared to the original patient is 63.8% and is found in
the uterus. The best match for the mean doses in the original
and the phantom was in this plan found for the liver with a
deviation of 0.4%.

In Figure 6, a histogram of the relative differences of the
mean doses in all organs and for all treatment plans is plotted.

When radiotherapy is planned for young women, the ques-
tion can arise whether a treatment of a pregnant patient is
justified. For the decision-making, a good knowledge of the
dose to the fetus is required. Therefore, a pregnant patient
including a fetus was chosen for this comparison. The mean
fetus doses are shown in Figures 4 and 5. In addition the dose
volume histograms of the fetus for the IMRT/static and the
IMRT/VMAT plans are shown in Figures 7 and 8, respec-
tively. The DVHs look similar for both treatment plans. For
the IMRT/3D-CRT plan the mean fetus dose is 69 mGy in the
original patient CT and 72 mGy for the matched phantom. For



P. Hauri et al./Z Med Phys 32 (2022) 159-172 165

Table 1

Overview of patient examples, their characteristics and treatment plans.

Patient Example Gender Structure which was Prescribed Number of  Dose per Radiotherapy plans
used to match CT and dose/Gy fractions fraction/Gy

whole-body phantom

8-week-old baby with gluteal Female Liver 31.2 26 1.2 (1) 6MV, 3DCRT
rhabdomyosarcoma on right side (2) 6 MV, IMRT

(3) 6 MV, VMAT
7-year-old child with Female Brain 31.2 26 1.2 (1) 6MV VMAT
osteosarcoma of the right middle (2) 6 MV, IMRT non
ear coplanar

(3) 6 MV, VMAT non

coplanar
30-year-old adult with right Female Right lung 50 25 2 (1) IMRT
breast cancer including lymph (6 MV) +3DCRT
nodes (15MV)

(2) IMRT

(6MV)+ VMAT(6 MV)
38-year-old adult with Male Left lung 30 15 2 (1) 6MV, IMRT
mediastinal Hodgkin lymphoma (2) I5MV, IMRT

(3) 6MV, 3DCRT
(4) 15MV, 3DCRT

38-year-old adult with seminoma Male Liver 20 10 2 (1) 6 MV, 3DCRT
(2) 15MV, 3DCRT

Female, 30y, 165cm, 60kg
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Figure 4. Out-of-field dose comparison between the original patient (circles) and the phantom (triangles) in different organs. The patient
is a 30-year-old pregnant woman with a breast tumor. The chosen computational human phantom from the above-mentioned library was
female, 30-year-old, 165 cm tall and weight of 60 kg. This RT plan consists of two tangential IMRT fields with a static field for the lymph
nodes. The plot shows the values for Dy, (red), the mean dose (blue), and the near minimal dose Dogq, (green).

the IMRT/VMAT plan the mean fetus dose is 134 mGy for the The average differences between the mean dose in 13 out-
original patient CT and 136 mGy for the matched phantom. of-field organs for the 3D conformal plan were — 1.6 mGy with
a standard deviation of 3.8 mGy. The maximum deviation of

3.2 Eight-week-old baby with a gluteal the mean dose in the phantom compared to the original patient
rhabdomyosarcoma is —17.4% and is found in the esophagus. The best match for
the mean doses in the original patient and the phantom in this

The baby was matched to the NCI phantom of a female plan was found for the right lung with a deviation of —1.8%.
newborn with 65 cm height and 5 kg weight. For the IMRT plan the average difference of the mean dose was
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Figure 5. Out-of-field dose comparison between the original patient (circles) and the phantom (triangles) in different organs. The patient is
a 30-year-old pregnant woman with a breast tumor. The chosen computational human phantom from the library was female, 30-years-old,
165 cm tall and weight 60 kg. This radiotherapy plan consists of two tangential 6 MV IMRT fields and two 6 MV VMAT fields which cover

the supraclavicular and sternal lymph nodes.

Phantom: Female, 30y, 165cm, 60kg
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Figure 6. Out-of-field mean dose differences in organs of the original patient compared to the phantom for two radiotherapy plans (see
Figures 3 and 4). All organs where D, is less or equal to 5% of the prescribed dose are considered. In these two RT plans for the 30-year-old
pregnant woman with a breast tumor the difference in the mean dose per organ is 7.5 mGy with a standard deviation of 57.1 mGy. The

histogram has a bin width of 0.31.

found to be —9.4 mGy with a standard deviation of 17.8 mGy.
The maximum deviation of the mean dose in the phantom
compared to the original patient is —25.5% and is found in
the right kidney. The best match for the mean doses in the
original and the phantom was in this plan found for the right
lung with a deviation of —2.5%. Finally, the average difference
of the VMAT plan was —9.5 mGy with a standard deviation
of 26.3 mGy. The maximum deviation of the mean dose in the
phantom compared to the original patient is —109.3% and is
found in the right kidney. The best match for the mean doses
in the original and the phantom was in this plan found for the
heart with a deviation of - 2.6%.

In Figure 9 a histogram of the relative differences of the
mean doses in all organs and for all treatment plans is plotted.

3.3 Seven-year-old female child with osteosarcoma of
the middle ear

The 7-year-old female was matched to the NCI phantom of
a 5-year-old female with 115 cm height and 50 kg weight.

The average differences between the mean doses in 17
out-of-field organs for the IMRT plan were 1.1 mGy with a
standard deviation of 18.4 mGy. The maximum deviation of
the mean dose in the phantom compared to the original patient
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Figure 7. Differential dose volume histogram of the trunk of the fetus. The RT plan consisted of two tangential 6 MV IMRT fields for the
irradiation of the right breast and a third static 15 MYV field with a dynamic wedge for the supraclavicular lymph nodes. The DVHs from
calculated RT plans on the original patient (black) and on the phantom (red) are shown. The mean dose in the fetal trunk from the original
plan is 69 mGy. In the case of the phantom, the mean dose in the fetal trunk is 72 mGy.
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Figure 8. Differential dose volume histogram of the trunk of the fetus. The RT plan consisted of two tangential 6 MV IMRT fields and two
6 MV VMAT fields which cover the supraclavicular and sternal lymph nodes. The DVHs from calculated RT plans on the original patient
(black) and on the phantom (red) are shown. The mean dose in the fetal trunk from the original plan is 134 mGy. In the case of the phantom,

the mean dose in the fetal trunk is 136 mGy.

was —92.1% and is found in the spinal cord. In this plan there
was no deviation found in the mean doses in the foot bones
of the original and the phantom. For the coplanar VMAT
plan the average difference of the mean dose was found to
be 9.4e—02mGy and the standard deviation was found to
be 4.4mGy. The maximum deviation of the average dose
in the phantom compared to the original patient is —59.9%
and is found in the spinal cord. The best match for the mean
doses in the original patient and the phantom in this plan was
found for the bones of the foot where no deviation was found.
Finally, the average difference of the non-coplanar VMAT
plan was —0.1 mGy with a standard deviation of 5.6 mGy.

The maximum deviation of the average dose in the phantom
compared to the original patient is —130% and is found in
the spinal cord. Again, no deviation was found in the mean
dose of the foot bones of the original and the phantom. In
Figure 10 a histogram of the relative differences of the mean
doses in all organs and for all treatment plans is plotted.

3.4 Thirty-eight-year-old male with Hodgkin’s disease

The 38-year-old male with mediastinal Hodgkin’s disease
was matched to a 30-year-old male phantom with a height of
175 cm and weight of 65 kg. The average differences between
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Figure 9. Out-of-field mean dose differences in the organs of the original whole-body and the phantom in all organs where D,q, is less or
equal to 5% of the prescribed dose in the three plans for the 8-week-old baby with a gluteal rhabdomyosarcoma on the right site. In these
three plans the mean difference of the mean dose per organ is —7.0 mGy with a standard deviation of 18.6 mGy. The histogram has a bin

width of 0.25.
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Figure 10. Out-of-field dose differences between the original whole-body dose representation and the phantom in all organs where the Dq,
is less or equal to 5% of the prescribed dose in the three plans for the 7-year-old child with the tumor in the middle ear. In these plans the
mean difference of the mean dose per organ is 0.35 mGy with a standard deviation of 11.1 mGy. The histogram has a bin width of 0.30.

the mean dose in 14 out-of-field organs for the 6 MV plan were
114 mGy with a standard deviation of 152 mGy. The maxi-
mum deviation of the mean dose in the phantom compared to
the original patient is —58.3% and is found in the pancreas.
The best match for the mean doses in the original and the
phantom was in this plan found for the foot bones where no
deviation was found. For the 15 MYV plan the average differ-
ence of the mean dose was 94.0 mGy with a standard deviation
131.0 mGy. The maximum deviation of the mean dose in the
phantom compared to the original patient is 60.2% and is
found in the pancreas. The best match for the mean doses in
the original and the phantom was in this plan found for the
foot bones where no deviation was found.

The treatment was also planned for using static 3D-CRT
radiotherapy. The average differences between the mean dose
in 14 out-of-field organs for the 6 MV plan were 104.0 mGy
with a standard deviation 137.8 mGy. The maximum deviation
of the average dose in the phantom compared to the original
patientis —60.9% and is found in the pancreas. The best match
for the mean doses in the original and the phantom was in this
plan found for the foot bones where no deviation was found.
For the 15 MYV plan the average difference of the mean dose
was 71.7mGy with a standard deviation 98.0 Gy. The maxi-
mum deviation of the average dose in the phantom compared
to the original patient is 63.4% and is found in the pancreas.
The best match for the mean doses in the original and the
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Figure 11. Out-of-field dose differences between the original whole-body dose representation and the phantom in all organs where the D2%
is less or equal to 5% of the prescribed dose in the four plans for the 38-year-old man with the Hodgkin lymphoma. In these plans the mean
difference of the mean dose per organ is 95.8 mGy with a standard deviation of 128.6 mGy. The histogram has a bin width of 0.16.

phantom was in this plan found for the foot bones where no
deviation was found.

In Figure 11 a histogram of the relative differences of the
mean doses in all organs and for all treatment plans is plotted.

3.5 Thirty-eight-year-old male with Seminoma

The 38-year-old male with a seminoma was matched to the
phantom of a 30-year-old male with a height of 175 cm and
weight of 80 kg. Although the seminoma target was segmented
on the same whole-body CT used for the Hodgkin target, a
different phantom was matched to it. The reason for this is that
the phantoms were matched to structures in the target regions.
The 70 kg phantom used for the Hodgkin patient was fitting
better to thoracic region of the CT while the 80 kg phantom
fitted better the abdominal region.

The average differences between the mean dose in 11
out-of-field organs for the 3D-CRT plan with 6 MV were
—0.34 mGy and the standard deviation was found to be
32.18 mGy. The maximum deviation of the mean dose in the
phantom compared to the original patient is —129.7% and
is found in the testes. The best match for the mean doses in
the original patient and the phantom in this plan was found
for the bones of the foot where no deviation was found. The
average differences between the mean dose for the 3D-CRT
plan with 15MV were —5.7 mGy with a standard deviation
26.9 mGy. The maximum deviation of the mean dose in the
phantom compared to the original patient is —102.2% and is
found in the testes. The best match for the mean doses in the
original and the phantom was in this plan found for the foot
bones where no deviation was found.

In Figure 12 a histogram of the relative differences of the
mean doses in all organs and for all treatment plans is plotted.

Table 2 shows a summary of the obtained percentage dif-
ferences for all patients averaged over all treatment plans and
organs.

4 Discussion

The objective of this study was to develop an improved
method for whole-body dose reconstruction for patients with
limited anatomical data which can be used with a commercial
TPS and is applicable to all modern photon treatment tech-
nologies. A main application is the dose reconstruction for
epidemiological studies which are aimed to assess the risk
of late-effects after radiotherapy. Besides this, the tool can
be used in daily clinical routine to estimate the dose, e.g. to
the fetus of pregnant patients or to the gonads to young male
patients.

A major aim of this study was to determine the impact
of the whole-body representation on the precision of the
whole-body dose calculation. In general, it would be desirable
if the whole-body representation would result in uncertainties
smaller or equal to the precision of the dose calculation algo-
rithm itself. We compared organ doses between whole-body
patient CTs and virtual phantoms which were matched to
the treated volume of the patient. The whole-body CTs were
chosen such that they cover a wide range of patient ages (from
baby to adult). The tumor locations covered a wide spatial
range from head to lower abdomen. Finally, a variety of
treatment techniques were tested including 3D-CRT, IMRT
and VMAT, applied in coplanar and non-coplanar settings and
using different nominal beam energies. From these extensive
comparisons we found that mean relative differences between
organ doses in the different phantoms were ranging between
—10% and + 20% with standard deviations of up to 40%
(see Table 1). It is interesting to note that the precision of the
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Figure 12. Out-of-field dose differences between the original whole-body dose representation and the phantom in all organs where the Dq,
is less or equal to 5% of the prescribed dose in the two plans for the 38-year-old man with seminoma. In these plans the mean difference of
the mean dose per organ —3.1 mGy with a standard deviation of 29.0 mGy. The histogram has a bin width of 0.39.

Table 2

The percentage differences between the mean organ doses on the original CT and on the NCI phantom (averaged over all treatment plans

and organs).

Patient Phantom Phantom Phantom Mean relative Standard
age/years height/cm weight/kg difference/% deviation/%

Baby, female with gluteal rhabdomyosarcoma 0 65 5 —11.9 18.1

Child, female with osteosarcoma of the midear 5 115 15 —0.44 279

Adult, female with a breast tumor 30 165 60 2.7 26.7

Adult, male with Hodgkin lymphoma 30 175 65 21.2 31.6

Adult, male with seminoma 30 175 80 —10.2 43

predictions decreases with increasing patient size. However,
in some organs the maximum deviations can be as large as
100%. It should be kept in mind, however, that the uncertainty
of the dose algorithm itself, obtained by a comparison with
measurements, is 11% with a maximum difference below
44%. Thus, the precision of predicting organ doses by
matching a real patient to a phantom is approximately of the
same order as the precision of the dose calculation.

An advantage of the presented software is its modularity.
The different contributions of the out-of-field dose, as it is
phantom scatter, collimator scatter, leakage dose and neutron
dose can be computed separately [6,14]. As the software is
using the API interface of the Varian Eclipse TPS, all tools
of a professional planning software can be used to analyze
the whole-body dose distribution. In addition, the whole-body
dose distributions are stored and archived together with the
dose distribution on the limited planning CT.

Inits current form, the whole-body representation presented
here is based on various simplifications, the most conspicuous
of which being the use of a matching algorithm involving
simple rigid transformations. A future improvement could be

the inclusion of deformable registration. However, it should be
noted that deformable registration has the potential to improve
matching close to original limited CT, but would likely not
improve the dose predictions for organs far from the treated
target.

A limitation of the calculation framework developed in the
present study is the use of only two electron density val-
ues, one for air and lung tissue and one for the remainder
organs and tissues. It was shown previously that the result-
ing calculated dose distributions show satisfying agreement
with out-of-field dosimetry [14]. It should be noted that the
geometrical uncertainties of the organs of interest make a
greater contribution to the final dose error compared to the
dose algorithm. The geometrical uncertainty is an unavoid-
able consequence of using limited patient CT. Hauri et al.
[6] showed that the most dominant change in out-of-field
dose is along the inferior-superior patient axis. The height
of a patient is therefore, the most important parameter for
choosing a phantom representation. The effect of geometrical
uncertainties for out-of-field dose estimations needs further
investigation.
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It is planned to commission the algorithms for other treat-
ment machines (such as the Clinac iX and Electa machines).
For this, simple ionization chamber measurements are neces-
sary [6].

The presented software is including already a template for
the future inclusion of second cancer models which, after the
whole-body dose is calculated, allows a real-time estimate of
organ specific and whole-body cancer risk.

5 Conclusion

A software package was developed in order to extend the
limited patient-CT-information of radiotherapy patients. A
whole-body patient representation was achieved by combin-
ing the existing CT information with appropriate segmented
computational phantoms. The method was confirmed by cal-
culating out-of-field dose distributions on the computational
phantoms and comparing them with dose calculations on
whole-body patient CTs. The developed method will be
useful for epidemiologists and researchers to more accu-
rately estimate organ doses outside the treated volume
when only limited treatment planning CT information is
available.
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