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Abstract

In this thesis the assessment of therapeutic, stray, and imaging doses for
a typical treatment course of a patient in radiation oncology is presented
and the implications for cancer risk are discussed.

Contemporary radiotherapy treatment techniques such as intensity-
modulated radiation therapy and volumetric modulated arc therapy, are
believed to increase radiation-induced malignancies. They are limited by
prolonged beam-on times needed to deliver the same dose to the target
and larger volumes are irradiated with low doses. High energy photon
(> 10 MV) and proton therapy beams cause the production of second-
ary neutrons. This leads to an unwanted dose contribution, which can
be considerable for tissues outside the target volume in terms of the long
term health of cancer patients. Due to the high biological effectiveness of
neutrons concerning cancer induction, even small neutron doses can be
important. In order to quantify the stray dose to a patient for radiation
treatment techniques, measurements inside phantoms, representing the
patient, are necessary. To date published reports on neutron dose meas-
urements were performed free in air or on the surface of phantoms and
the doses are expressed in terms of personal dose equivalent or ambient
dose equivalent. Another source of dose to the whole body of the patient
is deposited energy from imaging procedures in image-guided radiation
therapy. A steadily increasing number of imaging modalities is used in
the process of the patient setup in clinical routine of radiation therapy
to achieve a reproducible positioning of the patient. The full benefit of
the increased precision of contemporary treatment techniques in the ap-
plication of the radiation dose to the tumour can only be exploited if the
accuracy of the patient positioning is guaranteed. However, the achieved
gain in the accuracy of patient position comes at the cost of new sources
of dose contributions to the integral dose of a patient.

To quantify all the dose contributions involved in a typical course of
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treatment of a patient in radiation oncology, measurements of neutron and
photon dose from different treatment techniques and therapy machines as
well as photon dose from typical imaging procedures were performed in
an anthropomorphic phantom. The experimental setup and the treatment
intention was the same for all dose measurements. This allows a direct
combination of stray and imaging dose distributions for further analysis.

In order to perform local neutron dose measurements at 23 positions
in terms of neutron dose equivalent inside an anthropomorphic phantom,
a new field calibration procedure for poly(allyl diglycol carbonate) track
etch dosimeters was developed in this thesis. Calibration factors were de-
rived to account for the spectral changes in the neutron fluence for dif-
ferent radiation therapy beam qualities and depth in the phantom. The
neutron spectra used for the calculation of the calibration factors were de-
termined in different depths by Monte Carlo simulations for the invest-
igated radiation qualities. These spectra were used together with the en-
ergy dependent response function of the track etch detectors to account for
the spectral changes in the neutron fluence. The measured neutron dose
was compared with respect to treatment technique, therapy machines,
and radiation quality. The investigated treatment techniques for this com-
parison were 3D-conformal, volumetric modulated arc therapy, intensity-
modulated radiation therapy, spot scanning, and passive scattering. The
measurements were performed using linear accelerators from the man-
ufacturers Varian, Elekta, and Siemens. The applied radiation qualities
were photons and protons. Additional measurements of neutron dose
equivalent were performed in a geometrical phantom for an open and an
intensity-modulated high-energy photon field inside and outside of the
treatment field. This was done in order to investigate the dependency
of the neutron dose equivalent on the increase of the beam-on time for
intensity modulation, as it is commonly assumed that the neutron dose
scales with the beam-on time. The dose distributions from photon therapy
and imaging beams were measured with individually calibrated thermo-
luminescent dosimeters at 184 locations in the same phantom. The dose
distributions from 6 MV beams were compared in terms of treatment tech-
nique and therapy machine. The measurements were performed using the
irradiation techniques 3D-conformal, intensity-modulated radiation ther-
apy, volumetric modulated arc therapy, helical TomoTherapy, stereotactic
radiotherapy, hard wedges, and flattening filter-free radiotherapy on lin-
ear accelerators from the manufacturers Elekta, Siemens, and Varian and
on a CyberKnife and a TomoTherapy unit from Accuray. The dose dis-
tributions from treatment machine-mounted imaging devices and from

viii Abstract



Abstract

computed tomography scanners from GE Healthcare were determined
and the resulting organ and effective doses were calculated. The list of
investigated imaging techniques consisted of cone beam computed tomo-
graphy (kilo- and megavoltage), megavoltage fan beam computed tomo-
graphy, kilo- and megavoltage planar imaging, planning computed tomo-
graphy with and without gating methods, and planar scout views.

Neutron dose equivalent varied between 2 µSv and 3 mSv per treat-
ment Gray over all measurements. Only small differences were found
when comparing treatment techniques, but substantial differences were
observed between the linear accelerator models. The neutron dose for pro-
ton therapy was higher than for photons in general and in particular for
double scattered protons. Close to the target volume, the stray doses from
intensity-modulated photon treatments (including flattening filter-free)
were below the dose from a static treatment plan, whereas the CyberKnife
showed a larger dose by a factor of two. Far away from the treatment field,
the dose from intensity-modulated treatments showed an increase in stray
dose of about 50 % compared to the 3D-conformal treatment. For the flat-
tening filter-free photon beams, the stray dose far away from the target
was slightly lower than the dose from a static treatment. The CyberKnife
irradiation and the treatment using hard wedges increased the stray dose
by nearly a factor of three compared to the 3D-conformal treatment us-
ing open fields. It was also shown in this thesis that the dose from photon
stray radiation dominates the out-of-field dose for 16 MV irradiations. The
neutron stray dose was an order of magnitude lower than the out-of-field
dose from photons. A conventional 3D planning CT added an effective
dose of less than 1 % to the effective dose from treatment stray radiation
outside of the treated volume, whereas a 4D planning CT resulted in an in-
crease of 10 %. For a daily setup of the patient with two planar kilovoltage
images or with a fan beam CT at the TomoTherapy unit, an additional ef-
fective dose of less than 0.5 % and 1 % was measured, respectively. Us-
ing kilovoltage or megavoltage radiation to obtain cone beam computed
tomography scans lead to an additional dose of 5 % to 30 %. For treatment
verification images performed once per week using double exposure tech-
nique, an additional effective dose of up to 20 % was measured.

The extended calibration procedure for neutron dosimetry presented
in this thesis showed that it is possible to use track etch detectors for meas-
urements of local neutron dose equivalent inside an anthropomorphic
phantom by accounting for spectral changes in the neutron fluence. The
overall neutron dose equivalent measured for double scattered proton
beams was an order of magnitude lower than the stray dose of a treat-
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ment using 6 MV photons. Neutron dose equivalent measured for spot
scanning delivery of proton beams was substantially below the dose from
double scattering beam lines far away from the treated volume, suggesting
that the contribution of the secondary neutron dose to the integral dose
of a cancer patient is small. It was shown that the neutron dose equival-
ent, which a patient receives during an intensity-modulated radiotherapy
treatment, does not scale with the ratio of the beam-on time relative to an
open field irradiation. Outside the treated volume at larger depth, 35 %
less neutron dose equivalent was delivered than expected. Therefore, the
predicted increase of second cancer induction rates due to neutrons from
intensity-modulated treatment techniques might have been overestimated
in the past. The photon dose measurements showed that the dose out-
side the treated volume is influenced by several sources. Therefore when
comparing different treatment techniques, the dose ratios vary with dis-
tance from the isocenter. The effective dose outside the treated volume of
intensity-modulated treatments with or without flattening filter was 10 %
to 30 % larger when compared to 3D-conformal radiotherapy. This dose
increase was much lower than the beam-on time scaled effective dose from
a static treatment. Daily setup imaging using kilovoltage planar images or
TomoTherapy megavoltage fan beam CT imaging can be used as a stand-
ard procedure in clinical routine. Daily kilovoltage and megavoltage cone
beam computed tomography setup imaging should be applied on an indi-
vidual or indication based protocol. It was found that image-guided radi-
ation therapy does not necessarily increase the dose to the patient. For ex-
ample a complete volumetric modulated arc therapy treatment course in-
cluding planning CT and daily kilovoltage planar setup imaging reduced
the effective dose by around 7 % when compared to a treatment without
image guidance using four fields, a planning CT, and weekly treatment
verification images.

To our knowledge, the presented dose catalogue is to date one of the
most extensive in the literature and it is the only one that combines ima-
ging and stray dose to evaluate whole-body dose distributions for image-
guided radiotherapy. This work provides a comprehensive basis for the
modelling of radiation related cancer risk in modern radiation oncology.

x Abstract



Zusammenfassung

Die vorliegende Dissertation befasst sich mit der dosimetrischen Messung
von Therapie-, Streu- und Bildgebungsdosen für eine typische Behand-
lung eines Patienten in der Radio-Onkologie und diskutiert die Konse-
quenzen für das Krebsrisiko.

Moderne radiotherapeutische Behandlungstechniken wie intensitäts-
modulierte Radiotherapie oder volumetrisch modulierte Bogentherapie
können das Risiko eines strahleninduzierten Krebs (gegenüber der her-
kömmlichen 3D-konformen Bestrahlung) erhöhen. Sie benötigen auf der
einen Seite eine längere Bestrahlungszeit für dieselbe am Tumor applizier-
te Dosis und vergrössern andererseits das periphere Volumen, das unge-
wollt mit niedrigen Dosen belegt wird. Des weiteren birgt der zusätzliche
Dosisbeitrag durch sekundäre Neutronen, die bei der Verwendung von
Protonen oder Photonen mit nominellen Energien von mehr als 10 MV
entstehen, die Gefahr von Spätfolgen im Gewebe ausserhalb des Zielvo-
lumens. Aufgrund der hohen relativen biologischen Wirksamkeit bezüg-
lich der Krebsinduktion, können hier bereits niedrige Neutronendosen
von Bedeutung sein. Zur Bestimmung der Streudosis, bedarf es Messun-
gen im Inneren eines Phantoms, welches den Patienten ersetzt. Aktuel-
le Studien beschränken sich allerdings meist auf die Messung von Neu-
tronendosen in Luft oder an der Oberfläche von Phantomen. Die Dosis
wird dabei in Personenäquivalentdosis oder in Umgebungsäquivalentdo-
sis angegeben. Da der Anspruch an die Genauigkeit der Positionierung
in modernen Therapiemethoden immer grösser wird, finden bildgeben-
de Methoden zunehmend Anwendung. Nur so ist es möglich das ganze
Potential dieser neuen Techniken auszuschöpfen und die Dosis hoch kon-
form im Tumor zu deponieren. Mit dieser Genauigkeitsverbesserung bei
der Positionierung des Patienten geht ein zusätzlicher Beitrag zur integra-
len Dosis einher. Um alle Dosisbeiträge einer typischen Bestrahlung be-
stimmen zu können, wurden in dieser Arbeit Messungen der Neutronen-
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und Photonendosis von verschiedenen Bestrahlungstechniken an unter-
schiedlichen Behandlungsgeräten, sowie Messungen der Photonendosis
bei üblicherweise eingesetzten Bildgebungsverfahren in einem anthropo-
morphen Phantom für eine komplette therapeutische Behandlungsserie
durchgeführt. Die experimentellen Methoden und die gewählte Behand-
lungsabsicht waren identisch für alle vorgestellten Messungen. Dies er-
laubt eine direkte Kombination aller Streu- und Bildgebungsdosen für
weitere Untersuchungen.

Zur lokalen Messung der Neutronendosis als Äquivalentdosis wurde
eine Methode zur Feldkalibrierung von Ätzspur-Detektoren aus Polyallyl-
diglykolcarbonat entwickelt. Für die Neutronendosismessungen wurden
insgesamt 23 Messpositionen in einem anthropomorphen Phantom aus-
gewählt. Die spektrale Änderung in der Neutronenfluenz mit der Tiefe im
Phantom und die verschiedenen Therapiestrahlqualitäten wurden in Kali-
brationsfaktoren erfasst. Dafür wurden Neutronenspektren in verschiede-
nen Tiefen im Phantommaterial mit Hilfe von Monte Carlo Simulationen
für jede Strahlqualität generiert. Diese Spektren wurden zusammen mit
der energieabhängigen Antwort der Ätzspur-Detektoren verwendet um
die spektralen Veränderungen in der Neutronenfluenz für die Messung
zu berücksichtigen. Die gemessenen Neutronendosen wurden bezüglich
der Therapietechnik, des Bestrahlungsgerätes und bezüglich der Strahl-
qualität verglichen. Bei den untersuchten Techniken handelte es sich um
3D-konforme Bestrahlung, intensitätsmodulierte Strahlentherapie, volu-
metrisch modulierte Bogentherapie, sowie um aktive und passive Pro-
tonentherapie. Es wurden Elektronen-Linearbeschleuniger von den Her-
stellern Elekta, Siemens und Varian sowie Photonen- und Protonenstrah-
len untersucht. Zusätzliche Neutronendosismessungen wurden in einem
geometrischen Phantom für ein offenes und ein intensitätsmoduliertes
hoch energetisches Photonenfeld innerhalb und ausserhalb des primären
Bestrahlungsfeldes durchgeführt. Dabei wurde der Zusammenhang zwi-
schen der Zunahme der benötigten Bestrahlungszeit für die Intensitäts-
modulation und der Neutronendosis untersucht, da gegenwärtig ange-
nommen wird, dass die Neutronendosis direkt proportional mit der Be-
strahlungszeit zunimmt. In einer weiteren Messreihe wurden ganzkörper
Dosisverteilungen für Therapie- und Bildgebungsbestrahlungen mittels
Photonen mit individuell kalibrierten Thermolumineszensdosimetern an
184 Positionen im genannten Phantom gemessen. Die Dosismessungen
von 6 MV Photonenstrahlen wurden bezüglich der verwendeten Thera-
pietechnik und des Bestrahlungsgerätes verglichen. Die eingesetzten Be-
strahlungstechniken waren 3D-konforme Bestrahlung, intensitätsmodu-
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lierte Radiotherapie, volumetrisch modulierte Bogentherapie, spiralför-
mige TomoTherapie, stereotaktische Radiotherapie, Strahlentherapie mit
Keilen sowie Strahlentherapie ohne Ausgleichskörper. Als Bestrahlungs-
geräte für diese Messreihe wurden Elektronen-Linearbeschleuniger der
Herstellern Elekta, Siemens und Varian, sowie ein CyberKnife und ein To-
moTherapie Gerät der Firma Accuray herangezogen. Die Dosisverteilun-
gen von Bildgebungsgeräten, welche am Bestrahlungsgerät montiert sind
und von Computertomographen der Firma GE Healthcare wurden unter-
sucht um die resultierenden Organdosen sowie die effektiven Dosen zu
ermitteln. Als Bildgebungstechniken wurden Computertomographie mit
Kegelstrahlgeometrie mit Kilo- und Megavolt Photonenstrahlung, Mega-
volt Computertomographie mittels Fächerstrahlgeometrie, planare Bild-
gebung mittels Kilo- und Megavolt Strahlung, Computertomographie zur
Therapieplanung mit und ohne Atmungssteuerung sowie planaren Über-
sichtsaufnahmen untersucht.

Die Neutronenäquivalentdosis variierte zwischen 2 µSv und 3 mSv pro
Behandlungs-Gray über alle Messungen. Zwischen den Behandlungstech-
niken waren die gemessenen Unterschiede klein. Die verschiedenen Mo-
delle der Bestrahlungsgeräte hingegen wiesen substantielle Unterschiede
auf. Die Neutronendosis war generell höher bei der Protonentherapie als
bei der Therapie mit Photonen und innerhalb der Protonentherapien war
die Neutronendosis der passiven Bestrahlungstechnik höher als der ak-
tiven. Nahe vom Bestrahlungsfeld war die Photonenstreudosis für inten-
sitätsmodulierte Therapie mit Ausgleichskörper kleiner als die Streudosis
einer statischen Bestrahlung, wohingegen die Bestrahlung am CyberKnife
eine etwa doppelt so hohe Dosis zeigte. Weit weg vom Bestrahlungsfeld
lag die Dosis der intensitätsmodulierten Techniken etwa 50 % über der
der 3D-konformen Bestrahlung. Die Photonenfelder ohne Ausgleichskör-
per führten zu einer leicht verminderten Streudosis weit weg vom Ziel-
volumen verglichen mit der statischen Bestrahlung. Die Bestrahlung am
CyberKnife und die Behandlung mit Keilen erhöhte die Streudosis um das
Dreifache verglichen mit der 3D-konformen Behandlung mittels offenen
Feldern. In der vorliegenden Arbeit wurde zudem gezeigt, dass die Photo-
nenstreudosis eines 15 MV Strahls die Dosis ausserhalb des Bestrahlungs-
feldes dominiert. Ausserhalb des Bestrahlungsvolumens war die Streu-
dosis durch Neutronen um eine Grössenordnung kleiner. Bei den bildge-
benden Verfahren resultierte eine konventionelle 3D Computertomogra-
phie zur Therapieplanung in einer effektiven Dosis von weniger als 1 %
zusätzlich zur Streudosis der Therapie ausserhalb des bestrahlten Volu-
mens. Bei einer zeitaufgelösten Computertomographie lag die Erhöhung
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der effektiven Dosis ausserhalb des bestrahlten Volumens bei 10 %. Bei ei-
ner täglichen Aufnahme von planaren Bildern mittels Kilovolt Strahlung
oder einer Fächerstrahl-Computertomographie am TomoTherapie Gerät
für die Patientenpositionierung entstand eine zusätzliche effektive Dosis
von weniger als 0.5 %, respektive 1 %. Bei der Aufnahme mittels Compu-
tertomographie mit Kegelstrahlgeometrie und Kilo- oder Megavolt Strah-
lung lag die zusätzliche Dosis zwischen 5 % und 30 %. Für wöchentliche
Aufnahmen zur Verifikation des Bestrahlungsfelds mittels Doppelbelich-
tungstechnik, erhöht sich die effektive Dosis um bis zu 20 %.

Die erweiterte Methode zur Feldkalibrierung der Neutronendosime-
ter, welche in dieser Arbeit vorgestellt wurde, zeigte, dass es dann mög-
lich ist mit Hilfe von Ätzspur-Detektoren lokale Neutronenäquivalentdo-
sen in einem anthropomorphen Phantom zu messen, wenn die spektra-
len Veränderungen in der Neutronenfluenz berücksichtigt werden. Die
Äquivalentdosis der Neutronen welche für passiv applizierte Protonen-
strahlen gemessen wurde, war eine Grössenordnung kleiner als die Streu-
dosis bei einer Bestrahlung mit 6 MV Photonen. Für Protonen, die mit-
tels aktiver Bestrahlungstechnik appliziert wurden, wurde eine wesent-
lich tiefere Dosis gemessen weit weg vom Zielvolumen als für die Tech-
nik mit passiv gestreuten Protonen, was einem kleinen Beitrag von Neu-
tronen zur integralen Dosis eines Radiotherapiepatienten entspricht. Es
wurde gezeigt, dass die Neutronenäquivalentdosis für einen Patienten,
der mit intensitätsmodulierter Photonentherapie behandelt wird, nicht
mit dem Verhältnis der Bestrahlungszeiten zwischen intensitätsmodulier-
ter und statischer Bestrahlung mit offenen Feldern skaliert. Ausserhalb
des bestrahlten Volumens in grossen Tiefen wurde eine um 35 % kleine-
re Neutronenäquivalentdosis gemessen als erwartet. Daher ist anzuneh-
men, dass der Anstieg der Erkrankungen an neutroneninduziertem Krebs
in intensitätsmodulierten Behandlungen bisher überschätzt wurde. Die
Messungen der Photonendosis zeigten, dass die Dosis ausserhalb des be-
strahlten Volumens von mehreren Faktoren abhängig ist. Wenn man ver-
schiedene Bestrahlungstechniken miteinander vergleicht, variieren daher
die Verhältnisse der Dosen als Funktion des Abstandes vom Bestrahlungs-
feld. Die effektive Dosis ausserhalb des bestrahlten Volumens war 10 % bis
30 % höher für intensitätsmodulierte Behandlungen mit oder ohne Aus-
gleichskörper verglichen mit 3D-konformer Radiotherapie. Dieser Dosis-
anstieg ist viel kleiner als die mit dem Verhältnis der Bestrahlungszeiten
skalierte effektive Dosis einer statischen Behandlung. Die tägliche Anwen-
dung von planarer Kilovolt Bildgebung oder der Megavolt Fächerstrahl-
Computertomographie am TomoTherapie Gerät zur Patientenpositionie-

xiv Zusammenfassung



Zusammenfassung

rung kann als Standardprozedur in der klinischen Routine eingesetzt wer-
den. Hingegen sollte die tägliche Anwendung von Kilo- oder Megavolt
Photonenstrahlung für Computertomographien mittels einer Kegelstrahl-
geometrie zur Überprüfung der Patientenpositionierung nur nach einer
individuellen oder indikationsspezifischen Abklärung durchgeführt wer-
den. Die hier vorgestellten Untersuchungen über die Dosen in der bild-
gebungsgestützten Radiotherapie haben gezeigt, dass die Patientenposi-
tionierung mit moderner Bildgebung nicht zwangsweise zu einer erhöh-
ten peripheren Dosis führen muss. Zum Beispiel war die effektive Do-
sis für eine komplette Behandlung mit volumetrisch modulierter Bogen-
therapie, einer Computertomographie zur Bestrahlungsplanung und täg-
lichen Setupaufnahmen mittels planarer Kilovolt Bildern um etwa 7 %
kleiner als die resultierende Dosis von einer nicht bildgebungsgestützten
Bestrahlung, einer Computertomographie zur Bestrahlungsplanung und
wöchentlichen Verifikationsaufnahmen mit dem Therapiestrahl.

Der in dieser Doktorarbeit vorgestellte Dosiskatalog ist einer der aus-
führlichsten die derzeit verfügbar sind und der einzige, der die Kombina-
tion von Bildgebungs- und Streudosen der Therapie ermöglicht um ganz-
körper Dosisverteilungen zu beurteilen. Diese Arbeit bietet eine umfas-
sende Grundlage für die Modellierung des strahleninduzierten Krebsrisi-
kos in der modernen Radio-Onkologie.
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Chapter 1

Background and Motivation

Over the last few decades, continuous efforts in research and develop-
ment for the treatment of cancer patients have lead to new modalities and
further optimised techniques. This is true for all three fundamental ap-
proaches in cancer treatment, which are surgery, chemotherapy, and radi-
ation therapy. The surgical resection of the tumour is one of the most im-
portant approaches in cancer therapy and benefits from advances in mod-
ern interventional procedures. In chemotherapy, anti-neoplastic drugs
kill rapidly dividing cells to eliminate the tumour. Progress in the un-
derstanding of cancer cell properties and in the design of chemothera-
peutic drugs has allowed the targeting of abnormal proteins in cancer
cells. The third essential approach in treating cancer patients is the ap-
plication of ionising radiation to kill cancer cells. Although the under-
lying physics of the radiation and its interaction with matter cannot be
changed, the techniques used to deliver the radiation dose to the patient
have been constantly improved. Radiation therapy is a very common pro-
cedure in cancer therapy: approximately half of the long-term survivors
of a malignant disease receive radiotherapy as part of their treatment [1].
In general, long-term survivors of radiation therapy treatments have a
high incidence of chronic health problems including radiation induced
malignancies [1]. Therefore radiation therapy is sometimes considered
a double-edged sword. Ionising radiation can help in curing cancer by
killing malignant cells, but it can also induce cancer by causing muta-
tions of the genome in healthy cells [2, 3]. These second primary cancers,
known as second cancers, are treatment induced malignancies with a dif-
ferent histology than the initially treated primary cancer. Second cancers
must be distinguished from relapses of the initial disease with the same
histology and metastases which are not primary cancers. In the United
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States second cancers have been reported to be the fourth or fifth most
common cancer [4]. For a radiotherapy patient, an increase in the dose to
the healthy tissue from the treatment can increase the risk for a radiation
induced second cancer [5, 6]. For the treatment of childhood cancers with
radiation therapy, an increase in the dose outside the tumour can have a
larger impact on the rate of second cancers than for adults. The five-year
survival rate for children has been reported to be higher than for adult
patients [7] and therefore the relative number of persons at risk for de-
veloping a second cancer is higher too. Bhatia and Sklar reported a 3 to
6 fold increased risk of a second cancer for childhood cancer survivors,
when compared with the background incidence of cancer in the general
population and this risk continues to increase as the cohort ages [8].

Since modern intensity modulation techniques have only been em-
ployed for a short time in radiation oncology compared to the latency time
for solid tumour induction and the time needed to perform meaningful
epidemiological studies, the long term risk of these delivery techniques
has not yet been determined and will not be possible for many years [9]. It
is therefore necessary to deliberate about whether these techniques should
be applied extensively or not by using theoretical predictions. These pre-
dictions must be based on systematic investigations on the determinable
quantities involved in radiation induced carcinogenesis according to our
current knowledge. This is a common approach in other rapidly advan-
cing disciplines in medicine [10]. The purpose of this doctoral thesis is to
give a new comprehensive picture about the problem of overall dose to the
patient for all relevant processes involved in a typical treatment course in
radiation oncology. This catalogue of radiation dose distributions in the
whole patient can be used to determine the corresponding radiation risk.

Newly developed radiation delivery techniques allow the application
of therapeutic radiation with increased precision. This is of great im-
portance as it is not possible to irradiate solely cancerous tissue. Part
of the healthy tissue will always be irradiated concomitant to the target
volume. Therefore it is essential to minimise the dose and the irradiated
volume outside the tumour while still treating the whole target volume.
The unwanted dose to the healthy tissue outside of the target volume is
usually called the peripheral or out-of-field dose. One approach to in-
crease the precision of the application of the radiation to the tumour is
to use intensity-modulated beams of ionising radiation, called intensity-
modulated radiation therapy (IMRT) [11]. The dynamic modulation of
the radiation fluence allows the adaptation of the deposited dose to the
individual tumour target volume of a patient with high conformity. With
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this technique it is possible to produce concave dose distributions to fol-
low the contour of the target volume, which is not possible with conven-
tional radiotherapy treatment techniques. This can be very important for
the sparing of healthy tissue. For instance, if the target volume is located
around an organ unaffected by the disease which should not be irradiated,
the organ is considered at risk. Most of the patients in radiation oncology
are treated with photon beams.

Another possibility to achieve high conformity of the dose distribution
to the target volume is the application of charged particles as the radiation
source. Electrically charged particles interact with matter in a different
way than photons, which leads to substantial differences in the deposition
of the dose with depth in material. Because of their small mass, electrons
are suitable to treat superficial diseases, whereas heavy charged particles
like protons and heavy ions are convenient to treat deep seated tumours.
The interaction of heavy charged particles with matter is described by the
Bethe formula [12], which explains the appearance of the so-called Bragg
peak, named after William Henry Bragg, at the end of the range of a heavy
charged particle passing trough matter. The fundamental difference in the
deposition of the dose with depth in matter for heavy charged particles
compared to a photon beam is shown in Figure 1.1. Depicted are so-called
percentage depth dose (PDD) curves in water for a photon beam with a
nominal energy of 6 MV and proton and carbon ion beams with energies
of 160 MeV and 305 MeV per nucleon, respectively.

The finite range of heavy charged particles gives new possibilities to
conform the dose to the target volume. This means that not only the lat-
eral collimation of the beam can be used to define the irradiated volume
but also the range of the particles. Such an adaptation of the dose to the
distal edge of the target is not possible with photon beams. In addition
to the physical benefits of heavy charged particle beams, intensity modu-
lation techniques are used to further optimise the dose distribution. The
Paul Scherrer Institut (PSI) in Villigen, Switzerland, is one of the leading
institutions in the application and advancement of proton therapy world-
wide. Pioneering work was done at PSI for the implementation of the pro-
ton spot scanning technique [16] and intensity-modulated proton therapy
(IMPT) [17, 18] into clinical routine.

For radiation therapy using bremsstrahlung photon beams, the peri-
pheral dose is mostly determined by the dose from scattered photons. In
proton and heavy ion radiation therapy the peripheral dose is not dom-
inated by the dose deposited by scattered primary radiation, but by sec-
ondary particles produced in interactions of the primary particles with
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Figure 1.1: Percentage depth dose curve of measured MV photon and Monte Carlo simu-
lated proton ( MeV) and carbon ion ( MeV per nucleon) beams in water. The curves
for the proton and the carbon ion beams show a Bragg peak at the end of the range of the
primary particles. The depth dose curve for the photon beam was measured using an ionisa-
tion chamber (Thimble Chamber, PTW, Freiburg, Germany) and the heavy charged particle
beams were simulated using the FLUKA Monte Carlo code [13–15].

the beam delivery system or with the patient. The most important con-
tribution to the peripheral dose arises from neutrons produced in nuclear
interactions of the primary particles with matter. These secondary neut-
rons interact in a different way with matter than the primary particles,
as they carry no electrical charge. This leads to an increased range of
neutrons compared to protons and heavy ions. The original direction of
propagation of neutrons is lost after only a few interactions with matter,
causing dose depositions everywhere in the patient—the so-called neut-
ron dose bath. The amount of neutron production is dependent on the
technique used to produce the treatment field. For active spot scanning,
the neutrons are mostly produced in the patient, as the treatment field is
formed by a pencil beam which is magnetically scanned over the target
volume and no beam modifying devices are necessary. For passive scat-
tering beam lines, neutrons are produced in the beam modifying devices
and in the patient. Scatterers, beam-flattening devices, collimators, and
energy modulation devices are used to produce the treatment field. This
scattering of the primary beam leads to an increased neutron fluence for
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passive delivery techniques. The production of neutrons is not limited to
proton and heavy ion beams. Photons have an energy threshold of 6 MeV
to 13 MeV for most materials for the production of secondary neutrons
through photonuclear interactions [19]. These photoneutrons are mainly
produced in the gantry head, as high-Z materials have a larger cross sec-
tion than human tissue. Therefore for therapeutic photon beams with a
nominal energy of more than 10 MV, as well as for proton and heavy ion
beams, an additional neutron contribution to the stray dose is added.

The additional dose from neutrons has raised concerns about a pos-
sible increase in radiation induced late effects and have been discussed
within the radiotherapy community [20–22]. Several studies were per-
formed in the last few years to determine the neutron dose with measure-
ments and Monte Carlo simulations, but the importance of neutrons for
radiation induced carcinogenesis is still unclear.

The absorbed dose from neutrons for a patient in radiotherapy is small
compared to the dose from primary radiation. But because of the way
neutrons interact with human tissue, already a small dose can be of im-
portance. The dose from neutrons is deposited by secondary particles.
The most important secondary particles are protons and deuterons, which
are high linear energy transfer particles. These particles produce a high
density of ionisations along their path and therefore the damage to cellu-
lar structures in the tissue is difficult to repair. To quantify the biological
effect of a dose deposition by neutrons, the absorbed dose is weighted by
radiation specific weighting factors. Weighting factors for different do-
simetric quantities were introduced by the International Commission on
Radiation Units & Measurements (ICRU) [23, 24] and by the International
Commission on Radiological Protection (ICRP) [25, 26]. In summary, the
way neutrons interact with matter, cause damage to the human tissue and
the complicated dosimetric quantities needed to describe the dose from
neutrons makes it difficult to assess the effects of neutrons in radiation
therapy. In Chapter 2 a newly developed calibration procedure for the use
of neutron dosimeters in radiotherapy is described. The neutron spectra
from photon, spot scanned and double scattered proton radiotherapy are
used together with the energy dependent response function of the neut-
ron detectors to determine calibration factors to assess local neutron dose.
This calibration procedure is applied in Chapter 3 to measure the stray
dose from neutrons inside an anthropomorphic phantom for various radi-
ation qualities, treatment machines, and delivery techniques in radiation
therapy. The dependence of neutron dose in high-energy 3D-conformal
and intensity-modulated photon radiotherapy on the beam-on time, is in-
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vestigated in Chapter 4.
In radiation therapy, materials with a high density and a high atomic

number (high-Z materials) are used for the collimation of the treatment
beam and for shielding purposes. This blocks out a part of the beam and
therefore focus the radiation into so-called treatment fields for the applic-
ation to the patient. Therapeutic photon beams are usually produced us-
ing linear electron accelerators. A focused electron beam is accelerated to
energies in the megaelectronvolt regime and directed onto a high-Z ma-
terial target. The interaction of the electron beam with the target leads to
the production of bremsstrahlung photons. This forward directed photon
beam is then used to form the treatment field. The photon beam is of-
ten modified using flattening filters to produce a flat dose distribution
within the treatment field. This has been done for static treatments to irra-
diate the tumour volume with a homogeneous dose. Contemporary treat-
ment planning systems used to calculate the dose distribution within the
patient in combination with intensity-modulated radiation therapy tech-
niques, can handle any beam profile and thus a flattened beam profile is
in principle not necessary any more. The shape of the beam is modified
by collimator jaws as mentioned above. Usually multileaf collimators are
used in addition to form non-rectangular treatment fields. These beam
modifying devices help to apply the radiation to the patient in the needed
form and to conform the dose to the tumour. Although these devices are
needed to treat a patient, the photon beam will interact with every object
that is in the beam path and will produce a certain amount of stray radi-
ation. This stray radiation has a different energy and direction than the
primary beam. The change of direction causes the radiation to reach the
patient in anatomical regions outside of the treated volume. This dose
deposition is unwanted and not of therapeutic use, but it is unavoidable.
Another source of unwanted dose to the patient is the dose from leak-
age radiation. Conventional linear accelerators used in radiation therapy
are built into a gantry which can be rotated around the isocenter, a fixed
point in the treatment room. The patient is usually positioned precisely
on a movable couch for the treatment, such that the isocenter lies within
the target volume. The bremsstrahlung target and all the beam modify-
ing devices are located in the gantry head which is directed towards the
isocenter. Although the gantry head is shielded to minimise the radiation
escaping in directions other than towards the isocenter, there is always
some head leakage radiation. The constituents of the peripheral dose, are
of varying importance for different regions relative to the treatment field.
A coarse classification of the contributions to the peripheral dose from
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patient scatter radiation, collimator scatter radiation, gantry head leakage
radiation, and secondary neutrons as a function of the distance from the
treatment field is illustrated in Figure 1.2. The internal patient scatter radi-
ation is produced by the interaction of the primary beam with the patient,
or for measurements, with a phantom. This part is the most important
contribution to the peripheral dose and is unfortunately unavoidable [27].
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Figure 1.2: Importance of the constituents of the peripheral dose as a function of the distance
to the field edge. Shown are the contributions from patient scatter radiation, collimator scat-
ter radiation, the dose from gantry head leakage radiation, and from secondary neutrons.

Different treatment machines and delivery techniques produce dif-
ferent stray radiation and consequently the peripheral doses are differ-
ent. The above-mentioned principles of stray radiation in photon radiation
therapy are also valid for proton and heavy ion therapy. The use of beam
modifying devices and the physical processes for the interactions involved
are different for protons and heavy ions, but the consequences of the in-
teraction of the primary radiation with the beam delivery system and the
patient are the same. Because of the different constituents of the stray radi-
ation and the variable use of beam modifying devices by different delivery
techniques and manufacturers of treatment machines, the comparison of
the out-of-field dose is complex. It is not possible to simply state that a
specific treatment machine or delivery technique is better than another.
In Chapter 5 systematic measurements of whole-body dose distributions
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for different treatment machines and delivery techniques in photon radio-
therapy are presented. The same measurement setup and treatment inten-
tion was used to compare the resulting dose distributions, which allows to
assess the differences between treatment machines and techniques. Com-
mercial treatment planning systems are used in radiotherapy institutions
to calculate the dose distribution in the volume irradiated by the primary
beam. The achieved accuracy is high and allows to judge the dose to the
target volume and to organs at risk adjacent to the target for clinical prac-
tise in radiation oncology. On the other hand, treatment planning systems
cannot be used to precisely calculate dose in organs further away from the
target volume or for peripheral dose in general [28, 29]. In recent times,
simulations of peripheral dose using general purpose Monte Carlo trans-
port codes have become a valuable tool [30–33]. But to accurately determ-
ine dose to organs far away from the treated volume, measurements are
still the gold standard.

For intensity-modulated treatments using photon, proton or heavy ion
beams, the optimised and rather complex fluences are administered to
the patient with different angles of incidence. This is necessary espe-
cially for photons, with or without intensity modulation, in order to dis-
tribute the high dose in the entrance ports over a larger volume (see Fig-
ure 1.1). This cross fire technique is the only way to deposit a higher dose
in the target for deep-seated tumours than in the healthy tissue. The res-
ulting dose distributions from intensity-modulated treatments are expec-
ted to be better in terms of tumour control probability and normal tis-
sue complication probability [34, 35], compared to conformal treatment
techniques. If the potential of intensity modulation techniques is fully ex-
ploited, there are clear therapeutic advantages for the patient. However
for radiotherapy with photon beams, this gain comes at a cost. The peri-
pheral dose to the patient is increased for several reasons. Firstly, IMRT
treatments usually use more treatment fields than static treatments, also
called 3D-conformal treatments [6, 36]. This increases the volume irradi-
ated by primary photons and therefore increases the volume with a dose
deposition larger than from stray radiation only. Secondly, the dose from
stray radiation is increased for irradiations using intensity-modulation.
As a varying part of the treatment field is blocked out by a multileaf col-
limator to modulate the photon fluence, the beam-on time is increased to
deliver the same dose to the patient compared to a static treatment. A dir-
ect consequence of the increased beam-on time for IMRT is an increased
dose from gantry head leakage.

This increase in the peripheral dose from delivery techniques using
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intensity modulation and the potential consequences for the long term
health of cancer patients have been subject of controversial discussions
and were initiated by a paper by Followill [5]. Concerns have been raised
that the application of intensity-modulated treatments can lead to an in-
crease in radiation induced malignancies. An increased number of radi-
ation induced second cancers related to intensity-modulated radiother-
apy can be expected mainly for two reasons. Firstly, as discussed above,
these new treatment techniques lead to an improved cure rate and tumour
control for cancer patients. This directly leads to an increased number of
cancer survivors who are at risk of developing a second cancer. Secondly,
the previously mentioned prolonged beam-on time required to apply the
intensity modulation compared to static treatments, leads to an increased
peripheral dose. It is not a priori clear if this increase in the peripheral
dose can directly be linked to an increase in second cancer risk. The ap-
plication of intensity modulation changes the complete dose distribution,
giving larger dose gradients and larger low dose bath compared to 3D-
conformal therapy. As cancer induction by ionising radiation is not a lin-
ear function of the dose, risk estimates are more complicated to assess.

In radiation oncology there are several ways to technically implement
the application of intensity modulation for a patient irradiation. Com-
monly the modulation of the fluence is done dynamically and therefore
the required fluence is produced by processes varying with time. The
application of such dynamic delivery techniques has the disadvantage
that the dose distribution is susceptible to displacements in the position-
ing of the patient and to the motion of target structures or organs at risk.
Therefore, the full benefit of treatment techniques using intensity modu-
lation can only be exploited if the accuracy of the positioning of the target
volume is guaranteed and the magnitude of external and internal motion
of the patient is minimised. To verify the position of the target volume be-
fore and potentially during the treatment, more and more imaging mod-
alities are used in the process of the patient setup. For this purpose dedic-
ated imaging devices are mounted on the gantry or installed in the treat-
ment room. The combination of imaging devices mounted on the gantry
or in the treatment room for patient positioning and radiotherapy treat-
ment techniques is known as image-guided radiation therapy (IGRT) [11].
With the application of pretreatment imaging procedures it is possible to
correct for inter-fractional displacements in the positioning of the patient
and to assure that the treatment fields are applied to the anatomical re-
gion defined during treatment planning. Imaging procedures during the
irradiation can be used to correct for intra-fractional motion of the target
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volume. This can be done during the beam-on time by tracking methods,
or the imaging can be used to trigger the beam which is known as gat-
ing. Most of the imaging modalities used for image guidance use ionising
radiation. Therefore the verification of the positioning of the patient for
the treatment using imaging procedures increases the dose burden and
can increase radiation-related side effects. In addition, the patient may
be exposed to a higher risk of developing a second cancer. On the other
hand, in the absence of position verification using imaging guidance, a
misalignment of the patient could cause a higher dose delivered to the sur-
rounding healthy tissue, which could induce side and late effects as well.
The number of imaging procedures applied in clinical routine has steadily
been increasing over the last few years [37], leading to the question if and
how imaging doses should be managed and monitored for radiotherapy
patients. Systematic measurements of imaging dose for a representative
list of imaging modalities applied in contemporary radiation therapy are
presented in Chapter 6. The focus of the investigation is on the dose out-
side of the treated volume where the relative increase in the total dose
to the patient caused by imaging procedures is highest. The determined
imaging doses are combined with the stray dose from radiotherapy treat-
ments analysed in Chapter 5. This facilitates the assessment of the total
dose distribution in a patient depending on the treatment modality and
the imaging protocol used.

The presented measurements of dose contributions involved in radi-
ation therapy in Chapters 3, 5 and 6 allow the assessment of all radiation
doses for a typical treatment course of a patient. The dose values can be
directly combined because the same anthropomorphic phantom is used
for the measurements and the same treatment intention has been chosen.
This phantom allows the determination of the dose in radiation sensitive
organs and the resulting mean organ doses are listed in the individual
chapters. The determination of organ doses is necessary for cancer risk
estimations, as individual organs have a different susceptibility to radi-
ation induced cancers [1]. The presented catalogue of radiation doses can
be used to build combinations of therapy and imaging procedures and
to determine the resulting dose. The outcome of this thesis is a compre-
hensive basis for the modelling of radiation related cancer risk in radiation
oncology.

Certain commercial entities, equipment, or materials may be identified
in this document in order to adequately describe an experimental proced-
ure or concept. Such identification is not intended to imply recommenda-
tion or endorsement by the author(s), affiliated institutions, funding agen-

10



Chapter 1. Background and Motivation

cies, or the ETH Zurich. Nor is it intended to imply that the entities, ma-
terials, or equipment are necessarily the best available for these purposes.
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Chapter 2. PADC Detector Calibration for Neutron Dosimetry in Man

2.1 Introduction

In radiation therapy, treatment techniques are constantly being improved
to achieve better tumour control rates and reduce the dose to healthy tis-
sues. One of these new treatment techniques is intensity-modulated radi-
ation therapy (IMRT) with photons [11]. There are clear therapeutic ad-
vantages using this technique, for instance the improved conformity of
the dose to the target volumes [11]. On the other hand, IMRT leads to
prolonged beam-on time which increases the stray dose to the healthy tis-
sues of the patient. For treatments using high energy photon (> 10 MeV
nominal energy), proton or heavy ion beams, secondary neutrons are pro-
duced in the beam delivery system and the patient, adding another con-
tribution to the dose outside the target volume [19]. The amount of ab-
sorbed dose to the patient from secondary neutrons is small compared to
the primary dose to the target. However, neutron radiation has a high
biological effectiveness related to cancer induction [26], therefore the res-
ulting equivalent dose may be important in terms of the long term health
of cancer patients. There are concerns about radiation induced malig-
nancies using radiotherapy techniques that are subject to higher neutron
doses compared to conventional radiotherapy treatment techniques. This
is particularly important for young patients treated with radiotherapy, as
they are more sensitive to ionising radiation regarding cancer induction.

In order to quantify the dose from secondary neutrons to a patient
for contemporary treatment techniques using high energy photon, pro-
ton or heavy ion beams, measurements inside phantoms, representing a
patient, are necessary. Depending on the treatment modality, a substan-
tial amount of the secondary neutrons are produced in the patient [19,
38] and neutron fields in a treatment room are not homogeneous in gen-
eral. There are several neutron measurements reported in the literature,
but they cover measurements performed free in air or on the surface of
phantoms and the doses are expressed in terms of personal dose equival-
ent or ambient dose equivalent [38–50]. A study by Kry et al. showed
that measurements on the surface of phantoms can lead to substantial do-
simetric errors when using the surface neutron dose measurements for
estimating organ doses [51]. It is therefore important, to use a calibra-
tion procedure that considers the neutron spectrum of the used radiation
quality and its changes with depth in matter. To quantify this spectral
changes with depth, it is necessary to use an operational dose quantity
based on the neutron quality factor, which allows a correction inside the
phantom. This study focuses on a calibration method for measurements
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of local neutron doses inside a radiotherapy phantom.
Like other neutron detectors, poly(allyl diglycol carbonate) (PADC)

track etch detectors (Thermo Fisher Scientific, Waltham, MA, USA, trade
name “PN3”) have a different response for neutrons of different ener-
gies [52]. Therefore, the readout signal of neutron dose measurements
using PADC detectors is dependent on the neutron spectrum. Firstly, the
calibration of the detectors is dependent on the neutron spectrum used for
determination of the sensitivity of the detector batch. Secondly, the neut-
ron dose measurement depends on the spectrum present at the location
of measurement. As a consequence, it has to be distinguished at which
radiation therapy beam quality (photon, proton or heavy ion) the meas-
urement is performed. In addition, the depth of measurement inside the
phantom will also influence the readout of the detectors, as neutrons get
moderated in matter and therefore the spectrum is altered.

The aim of this study was to derive calibration factors for local neut-
ron dose equivalent measurements using PADC track etch detectors to
account for the measurement geometry and the spectral changes due to
treatment modality and depth inside the measurement phantom.

2.2 Materials and Methods
To assess the neutron dose for a patient in radiotherapy, it is necessary
to perform local dose measurements. This is of particular importance for
active proton and heavy ion therapy, where a substantial number of neut-
rons are produced inside the patient. As it is at the moment not possible
to perform local measurements in-vivo, anthropomorphic phantoms usu-
ally replace the patient for measurements.

Neutron track etch detectors, with an appropriate calibration, allow to
determine neutron dose equivalent in principle at all locations in the body.
In this study, PADC detectors from the Radiation Metrology Section of the
Division for Radiation Safety and Security at Paul Scherrer Institut in Vil-
ligen Switzerland were investigated for neutron dose measurements. The
detectors were readout at the Paul Scherrer Institut (PSI) where PADC de-
tectors are used for personal dosimetry and measurements. The readout
of the detectors was done at PSI by optical counting of the tracks with a
camera using an AUTOSCAN 60 reader [53].

In general, the determination of neutron equivalent dose requires the
application of radiation weighting factors. For radiation protection pur-
poses, it is recommended by the ICRP to use the neutron weighting factor
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𝑤 as a function of energy to account for the dose deposition mechan-
isms of neutrons [25]. However, Kellerer has shown that for neutron en-
ergies below 1 MeV, 𝑤 is suitable for small objects, but unduly large for
man [54]. Although the neutron radiation weighting factor 𝑤 has been
adapted for energies below 1 MeV in the ICRP publication 103 to account
for this problem [26], factors such as the size of the exposed person, the
directional distribution, and spatial non-uniformity of the radiation field
have been disregarded in the determination of 𝑤 [55]. It was therefore
decided to use the measurable quantity dose equivalent in this work. For
the assessment of neutron dose equivalent, the effective quality factor 𝑞 ,
which is the organ weighted average of the quality factor 𝑄, as a function
of neutron energy 𝐸 was used. This quality factor was determined by
Kellerer et al. [55].

The effective quality factor 𝑞 is not only dependent on the type and
energy of the incoming radiation, but also on the size of the exposed per-
son. Equation (2.1) is a continuous approximation to the values of 𝑞 for
a sex averaged person for isotropic incidence of the radiation with energy
𝐸 [55]

𝑞 𝐸 = 2 + 10 ⋅ e− + 2.5 ⋅ e− . (2.1)

Radiation equilibrium was assumed for the investigated irradiation
situations, with the consequence that neutrons of constant energy pro-
duce everywhere in the phantom secondary particles with the same dis-
tribution in linear energy transfer (LET).

2.2.1 Calibration of number of tracks to neutron personal
dose equivalent in water for Am-Be

The calibration process of a batch of PADC detectors includes the irradi-
ation of a subset of the batch (calibration detectors) with neutrons from
the Am-Be source at the PSI Calibration Laboratory [56–58]. The de-
tectors are mounted on a reference phantom (ISO water slab phantom)
defined by ISO [59–61]. The dose at the PADC detectors at the refer-
ence position was determined by using a neutron dose rate meter cal-
ibrated at the Physikalisch-Technische Bundesanstalt (PTB) in Braunsch-
weig Germany, which is used in the laboratory as a secondary stand-
ard [56]. The measured neutron fluence at the centre of the front sur-
face of the ISO slab phantom was converted into personal dose equival-
ent 𝐻 (10), using conversion coefficients for the neutron spectrum of the
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Am-Be source specified by ISO [62], which include the scatter contri-
bution of the phantom. The initial absolute calibration obtained by this
procedure relates the number of tracks per area, the track density 𝜌 ,
to personal neutron dose equivalent 𝐻 (10) per track.

This absolute calibration in terms of 𝐻 (10) leads to a substantial over-
estimation of neutron dose in an anthropomorphic phantom [54]. There-
fore, the initial calibration was converted into neutron dose equivalent
𝐻 (10) by using the calibration factor 𝑘 − for the neutron energy spec-
trum 𝜙 − 𝐸 of the Am-Be neutron source in air impinging on
the phantom:

𝑘 − =
∫𝑞 𝐸 ⋅ 𝜙 − 𝐸 d𝐸
∫ 𝑞 𝐸 ⋅ 𝜙 − 𝐸 d𝐸

. (2.2)

In order to achieve this, the quality factor 𝑞 𝐸 used for the determina-
tion of personal dose equivalent 𝐻 (10), was calculated by multiplication
of the ambient quality factor 𝑞∗ 𝐸 (taken from a study by Kellerer [54])
with the energy dependent ratio of the conversion coefficients for personal
dose equivalent and ambient dose equivalent taken from an IAEA tech-
nical report [63].

2.2.2 Spectrum specific calibration

The PADC response 𝑅, normalised to the Am-Be spectrum, is energy
dependent. Therefore, if the detector is used in a neutron beam with an en-
ergy spectrum different to that of the calibration source (here Am-Be),
the spectral dependence of 𝑅 must be considered. The energy dependence
of the detector response per personal dose equivalent 𝐻 (10) of the PADC
detectors used in this study, has been investigated by PSI [52]. Mainly
monoenergetic response measurements were used to determine the de-
tector response as a continuous function of energy, except for the meas-
urements with the highest energies, where neutron spectra from CERN
and Los Alamos were used [52].

For this study, we are finally interested in neutron dose equivalent,
thus the detector response curve determined by PSI relative to 𝐻 (10)
was converted relative to 𝐻 (10).

To calculate the PADC response as a function of track density 𝜌
per neutron dose equivalent, the above derived quality factors 𝑞 𝐸 and
𝑞 𝐸 are used in Equation (2.3) to scale the detector response determ-
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ined at PSI:

𝑅 𝐸 = 1
𝑁 ⋅ 𝜌

𝐻 (10) = 1
𝑁 ⋅ 𝜌

𝐻 (10) ⋅
. (2.3)

The PADC response function is normalised to the response of the neut-
ron spectrum 𝜙 − 𝐸 of the Am-Be source with the normalisation
factor given in Equation 2.4:

𝑁 = 𝜌
𝐻 (10) ⋅

⋅ 𝜙 − 𝐸 d𝐸 . (2.4)

The normalised energy dependent PADC detector response function
is depicted in Figure 2.1.

The response for a given neutron spectrum 𝜙 𝐸 is then determined
by:

𝑅 = 𝑅 𝐸 ⋅ 𝜙 𝐸 d𝐸 = 1
𝑁 ⋅ 𝜌

𝐻 (10) ⋅
⋅ 𝜙 𝐸 d𝐸 . (2.5)

The calibration factor for the spectral influence on the neutron dose
equivalent for the spectrum of the investigated radiation quality at the
surface of the phantom is then:

𝑘 =
∫𝑅 𝐸 ⋅ 𝜙 − 𝐸 d𝐸

∫𝑅 𝐸 ⋅ 𝜙 𝐸 d𝐸

= 1
∫𝑅 𝐸 ⋅ 𝜙 𝐸 d𝐸

. (2.6)

Radiotherapy treatments are performed using different radiation qual-
ities. These different beams lead to different neutron spectra and there-
fore, as described above, to different readout signals of a measurement
with PADC detectors. In this study, the resulting neutron spectra of treat-
ments using photon, actively scanned proton, and double scattered pro-
ton beams were used to calculate the calibration factors. The Monte Carlo
method with corresponding models of the beam delivery systems and
geometric phantoms were used for the derivation of the neutron spectra in
matter. The spectra were determined inside and outside of the treatment
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Figure 2.1: PADC detector response as a function of neutron energy . Adapted from
measurements by PSI [52, 53, 64].

beam at different depths along the beam direction from 0 cm to 30 cm. In-
side the treatment field, the spectra were determined on the central beam
axis and outside on an axis laterally shifted by 25 cm from the central ray.
All the spectra were normalised to the number of neutrons.

For the photon beam, a model of a Varian linear accelerator Clinac
2100 was used for the simulations [65]. The beam had a nominal en-
ergy of 18 MeV and a field size of 10 cm × 10 cm with the multileaf col-
limator retracted. A water tank of 100 cm × 100 cm × 30 cm was used as
the phantom. The Monte Carlo simulation was performed using MCNPX.
The resulting neutron spectra for two different depths are depicted in Fig-
ure 2.2.

A simplified geometrical model for the actively scanned proton beam
was used for the simulation with the FLUKA Monte Carlo code [13–15].
As the number of neutrons produced in the gantry for actively scanned
protons is small compared to the neutrons produced in the phantom, the
influence of the beam delivery system was neglected. Therefore, an ideal
proton beam with a field size of 10 cm × 10 cm was simulated impinging
on a 90 cm × 30 cm × 30 cm phantom made of water. The beam energy was
set to 160 MeV. In Figure 2.3, neutron spectra resulting from the simula-
tion with the actively scanned proton beam are shown for two depths.
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Figure 2.2: Neutron spectra for the photon beam in water at two different depths. (a) in-field,
(b) out-of-field.
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(b) Out-of-field
Figure 2.3: Neutron spectra for the active proton beam in water at two different depths. (a)
in-field, (b) out-of-field.
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The proton beam for passive beam delivery was simulated using a
double scattering beam line with the GEANT4 Monte Carlo code [66]. The
90 % proton range was 25 cm and the used phantom material was Lucite,
which corresponded to an energy of about 215 MeV. For this simulation,
a treatment field from a prostate patient was applied instead of an open
field. The neutron spectra for two different depths for the double scatter-
ing proton beam can be found in Figure 2.4.

2.2.3 Calibration of depth dependence of the spectra

Neutrons are continuously being moderated while passing through ma-
terial. This means that the neutron spectrum is altered as a function of
depth in the material and therefore the spectrum specific response of the
detectors changes. The radiotherapy neutron spectra described in the last
section, were simulated also at different depths in material. The PADC
response for these neutron spectra was determined as a function of depth
for all investigated radiation qualities. Usually radiotherapy patients are
treated with an average number of irradiation fields larger than two. Thus,
for a conservative estimate of the depth-calibration, the PADC response
was calculated for two opposing treatment fields and then averaged. Con-

sequently, the third calibration factor 𝑘 was defined in Equation (2.7)
as the detector response for two opposing fields averaged over the depth
𝑑 of 𝑑 = 30 cm in the phantom relative to the response at the surface:

𝑘 =
∫𝑅 𝐸 ⋅ 𝜙 𝐸 d𝐸

∫ ∫𝑅 𝐸 ⋅ 𝜙 𝑑, 𝐸 d𝐸 d𝑑
. (2.7)

The uncertainty of 𝑘 is systematic and can be expressed by the min-
imal and maximal variation of the relative response with depth 𝑑.

In summary, several steps are needed to calculate neutron dose equi-
valent at a specific point given the readout of PADC detectors as meas-
ured tracks per square centimetre. Starting from the initial calibration in
terms of neutron personal dose equivalent 𝐻 (10) per track, the calibra-
tion is expanded for the detector response to the neutron spectrum of the
measurement beam and the depth dependence of the response in material,
leading to an estimate of local neutron dose equivalent. The calculation
of the neutron dose equivalent as a function of the track density 𝜌 is
finally done by using Equation (2.8):
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(b) Out-of-field
Figure 2.4: Neutron spectra for the double scattered proton beam in Lucite at two different
depths. (a) in-field, (b) out-of-field.
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𝐻 (10) = 𝑘 − ⋅ 𝑘 ⋅ 𝑘 ⋅ 𝐻 (10) =∶ 𝑘 ⋅ 𝐻 (10) . (2.8)

2.3 Results

For every batch of PADC detectors, the initial absolute calibration in terms
of personal dose equivalent 𝐻 (10) has to be determined at the Am-Be
source to account for the individual sensitivity of the specific batch and,
for the detectors used in this work, varied between 9.90 × 10− mSv cm
±21 % and 16.39 × 10− mSv cm ±36 %. The uncertainty was determined
by the standard deviation of the readouts of the subsets of calibration and
background (not irradiated) detectors.

The conversion of the initial absolute calibration factor into neutron
dose equivalent 𝐻 (10) for the Am-Be spectrum was done by the use of
the calibration factor 𝑘 − . Its value was calculated to be 0.69.

To connect to the calibration factor for the conversion of tracks per area
on the detector into neutron dose equivalent, the detector response was
first calculated for the neutron spectra for every investigated radiation
quality and the Am-Be spectrum at the surface of the phantom. The
second calibration factor 𝑘 was the ratio of the detector response
for the batch in the Am-Be spectrum to the response of the specific neut-
ron spectrum. The values were in the range of 1.09 to 1.46 for the different
radiation qualities and are shown in Table 2.1.

The last step in the chain of calibration factors was the variation of the
PADC response with depth in the phantom. This correlation is shown for
a single beam impinging on the phantom for all the investigated radiation
therapy beam qualities, inside and outside of the primary radiation field,

in Figure 2.5. The values for the resulting depth calibration factor 𝑘
(according to Equation (2.7)) were in the range of 0.79 to 1.33. In addition,
the deviation to the maximum and minimum calibration factor over depth
was determined. These values as well as the other calibration factors with
the corresponding uncertainties (see Section 2.4) and the resulting total
calibration factor 𝑘 are listed in Table 2.1.
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Figure 2.5: Variation of the PADC detector response with depth in the phantom using a
single beam for all the investigated radiation qualities, in-field (closed symbols) and out-
of-field (open symbols). The values are normalised to the response of the detectors at the
surface of the phantom.

Radiation quality −

Photons
in-field 0.69 ±0.03 1.29 ±0.06 0.85 +

− 0.76 +
−

out-of-field 0.69 ±0.03 1.40 ±0.07 0.79 +
− 0.76 +

−
Active protons

in-field 0.69 ±0.03 1.09 ±0.05 1.33 +
− 1.00 +

−
out-of-field 0.69 ±0.03 1.20 ±0.06 1.01 +

− 0.84 +
−

Passive protons
in-field 0.69 ±0.03 1.28 ±0.06 1.19 +

− 1.05 +
−

out-of-field 0.69 ±0.03 1.13 ±0.06 1.17 +
− 0.91 +

−

Table 2.1: Resulting calibration factors − , , , and the total calibration
factor for the investigated radiation qualities together with the corresponding uncer-
tainties.
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2.4 Discussion

In the present study, a method of calibrating the readout of PADC track
etch detectors in terms of neutron dose equivalent measured in man in
radiation therapy has been presented. Unlike previous work with these,
or similar detectors, the impact of radiation quality and variation of the
neutron spectra with depth was considered.

In the determination of neutron dose equivalent using Equation (2.8),
several uncertainties were involved. The energy dependence of the PADC
detector response in terms of 𝐻 (10) was investigated by PSI with uncer-
tainties of the individual measurements in the order of 10 % to 20 % [53,
64]. In the region from thermal energies to about 0.07 MeV, measure-
ments and a fit to neutron cross section data were used to estimate the
detector response with corresponding higher uncertainties. The process
of the readout of PADC detectors and the determination of the track dens-
ity 𝜌 had an uncertainty in the order of ±30 % [52].

The calculation of the first calibration factor 𝑘 − depended on the
effective quality factor 𝑞 , the quality factor 𝑞 , and the Am-Be neutron
spectrum. The used formula for the quality factor 𝑞 (Equation 2.1) is an
approximation to the values for the male and the female phantom, as well
as for anterior-posterior and isotropic irradiation [55]. The uncertainty
was estimated by the differences of the values for the different cases to the
averaged situation, which were about 10 % and changed 𝑘 − by about
1 %. The calculation of 𝑞 had a maximal error of 4 %. A random variation
of 50 % in the Am-Be neutron spectrum lead to a change of 𝑘 − of
less than 0.5 %. These uncertainties were smaller than the uncertainty of
the readout of the detectors. The uncertainty of the second calibration
factor 𝑘 was determined by the uncertainties in the detector re-
sponse function and in the Monte Carlo calculated neutron spectra. The
measurements to determine the response function of the detectors had an
uncertainty of 10 % to 20 %, whereas the statistical uncertainty in the sim-
ulated spectra was in the order of a few percent. A random variation of
20 % in the response function 𝑅 𝐸 lead to a change of 𝑘 of about
5 %. The combination of these uncertainties lead to a general uncertainty
of the calibration procedure of less than 40 %.

The calibration factor 𝑘 was related to a systematic uncertainty
given as the variation around its mean value of the detector response with
depth in matter. This systematic uncertainty had a maximum value for all
the investigated radiation qualities of 18 % and was thus smaller than the
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non-systematic uncertainties involved (40 %). Therefore it was appropri-
ate to use a depth averaged calibration factor.

The neutron spectra for photon beams in this work were simulated for
a Varian linear accelerator with a nominal energy of 18 MeV. It is there-
fore not a priori clear that the results can be used for other types and en-
ergies of linear accelerator. In a paper by Howell et al., neutron spectra of
different manufacturers of electron linear accelerators for bremsstrahlung
photon irradiations are compared [67]. They found that the neutron spec-
tra are qualitatively comparable and only the absolute neutron fluences
are considerably different. Therefore, the calibration presented here for
the Varian photon beams could also be used for linear accelerators of other
manufacturers. In the same study, photon beams of different nominal en-
ergies of a Varian linear accelerator were compared. Again the neutron
spectra were found to be qualitatively comparable, which means that the
calibration developed in this study is valid for different nominal photon
beam energies as well. To investigate the dependence of the calibration
factors on the primary proton energy, the neutron spectra were also sim-
ulated for the active proton beam of another energy in water. The dif-
ferences of the calibration factors for this 200 MeV active proton beam,
compared to the stated factors for 160 MeV, were less than 3 %, which was
small compared to the combined uncertainty of the calibration procedure.

The spectrum specific calibration factors presented in this work, were
calculated for neutron spectra in water (photons and active protons) or
in Lucite (passive protons). For primary photons and active protons, the
resulting neutron spectra were also simulated in Acrylic and Soft Tissue
(ICRU Four-Component). The deviations to the stated calibration factors
in water were smaller than 2 % for the photon beam and smaller than 4 %
for the active proton beam (both inside and outside of the primary radi-
ation field). Therefore the calibration factors obtained in this work are,
within the overall error (40 %), independent of the materials used for the
simulations.

For the application of the quality factors in this calibration, radiation
equilibrium for the neutron radiation was assumed. For situations where
equilibrium would not exist, for example at the edge of a phantom, uncer-
tainties larger than those stated here apply.
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2.5 Conclusion
PADC detectors are mainly used in personal neutron dosimetry based on
a standard radionuclide neutron source calibration. The extended calib-
ration procedure presented in this work showed that it is possible to use
PADC detectors for measurements of local neutron dose equivalent inside
phantoms. The field calibration included different radiation therapy beam
qualities (photons, active and passive protons) and depths in material to
account for spectral changes in the neutron fluence and the influence of
the geometry.
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Chapter 3. Measurements of Neutron Dose in Radiation Therapy

3.1 Introduction

It is assumed that with the application of modern radiation treatment
techniques, such as intensity-modulated radiotherapy, volumetric modu-
lated arc therapy, and proton therapy, the cancer cure rates are increased
and simultaneously unwanted side effects are reduced [34, 35]. There are
obvious therapeutic advantages using these techniques, for example the
improved conformity of the dose to the target volumes. But there are
also concerns about a possible increase in radiation-induced malignancies
with the application of these techniques [5, 6], in particular, for younger
patients [7]. In the case of intensity modulation techniques using photons,
there is an increase in the beam-on time to deliver the same dose to the
target volume compared to conventional treatment techniques. In case of
therapy modalities using high nominal photon energies (> 10 MV) or pro-
tons, neutrons are unintentionally produced. These secondary neutrons
are produced in the beam delivery system and in the patient. The amount
of neutron production in the patient is only of concern for the case of pro-
tons or other heavy particles, since most of the neutrons from high-energy
photon beams are produced in the gantry head [68]. The absorbed dose
from secondary neutrons is in small compared to the target dose, but due
to their high biological effectiveness concerning cancer induction [26, 69],
already small neutron doses can be important outside of the target volume
in terms of long term health of radiotherapy patients. Therefore, the in-
fluence of the primary dose distribution, stray dose, and imaging dose as
well as the secondary neutron radiation on secondary cancer incidence
should be investigated further. A comprehensive list of studies evaluat-
ing neutron dose contributions for treatments using high energy photons,
protons, and other techniques or radiation qualities can be found in a re-
view article by Xu et al. [19]. In a more recent article, the current status
of neutron dose studies for photon radiotherapy is reviewed by Takam
et al. [22]. According to them, most of the reports in the literature used
neutron dose measurements free in air, on the surface of phantoms or in-
side geometrical phantoms. Organ neutron doses were determined using
combinations of measurements and calculations.

The aim of this study was to measure neutron dose inside an anthro-
pomorphic phantom, associated with the irradiation of a radiotherapy pa-
tient during a typical treatment. The measured neutron (organ) doses
were compared with respect to treatment technique, therapy machines,
and radiation quality.
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3.2 Materials and Methods

The clinical setup of the study was the curative irradiation of a rhabdomy-
osarcoma of the prostate for an adolescent patient, who was represented
by an Alderson-Rando phantom. The planning CT of the phantom and
the contouring of the target structures as well as of the radiation sensitive
organs (done by a physician) were performed at one institution. The dose
prescription for the irradiation was 26 × 2.0 Gy for the well established 3D-
conformal treatment and 23 × 2.0 Gy for the other treatment modalities.
For the proton treatments, the dose prescription is given in cobalt Gray
equivalent and is hence already weighted with a relative biological effect-
iveness factor of 1.1, which is the standard procedure for proton irradi-
ations world-wide [70]. The fractionation schemes have been matched to
represent the same biological target dose using the linear-quadratic model
and an / ratio of 2.8 [71]. This information was sent to all the institutions
participating in this study along with a planning guideline containing the
CT calibration curves, dose prescription, planning structures, dose con-
straints, and the location of the isocenter. All measurements and detector
readouts were performed by the same persons. This procedure ensured
the comparability of the treatment plans as well as of the irradiations and
measurements at the different sites.

The series of measurements included photon and proton irradiations.
The photon beams were delivered by treatment machines of the manu-
facturers Varian, Elekta, and Siemens. On the Varian linear accelerator
the irradiation techniques 3D-conformal (3DCRT), volumetric modulated
arc therapy (VMAT), and intensity modulation (IMRT) were measured.
IMRT treatments were investigated for all three manufacturers of linear
accelerators. The proton irradiations were performed using spot scan-
ning and double scattering. Measurements were performed at Radio-
therapie Hirslanden AG, Aarau Switzerland (Varian Clinac 21 iX), Canton
Hospital St. Gallen, St. Gallen Switzerland (Elekta Synergy), Canton Hos-
pital Aarau, Aarau Switzerland (Siemens Oncor Avant-Garde), Center for
Proton Therapy, Paul Scherrer Institut (PSI), Villigen Switzerland (pro-
ton spot scanning, Gantry 1), and Francis H. Burr Proton Therapy Center,
Massachusetts General Hospital, Boston USA (proton double scattering,
Gantry 2). The different photon beams had nominal energies according
to BJR-11 [72] of 15 MV (Varian), 15 MV (Elekta), and 18 MV (Siemens),
which corresponded to measured tissue-phantom ratios TPR of 0.760,
0.757, and 0.773, respectively. The energies of the spot scanned proton
fields were 160 MeV and 177 MeV. For the double scattering beamline, en-
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ergies in the range of 135 MeV to 140 MeV and 175 MeV to 180 MeV were
used. A comparison of the used beam energies and monitor units (MU)
per plan for the photon treatments is listed in Table 3.1.

Elekta Siemens Varian Varian Varian
IMRT IMRT 3DCRT IMRT VMAT

Nominal energy MV MV MV MV MV
TPR 0.757 0.773 0.760 0.760 0.760

Monitor units MU MU MU MU MU
Number of fields 5 fields 9 fields 4 fields 5 fields 1 arc
MLC SMLC SMLC SMLC DMLC DMLC

Table 3.1: Comparison of the different treatment modalities. Listed are the beam energies
used (nominal and TPR ), monitor units (MU) per plan, number of fields, and the type
of MLC, dynamic MLC (DMLC) or static MLC (SMLC).

Figure 3.1 shows the calculated primary dose distributions on a trans-
versal CT slice for a 5 field IMRT plan and for a single arc VMAT plan for
the Varian Clinac 21 iX linear accelerator.

(a) Calculated dose distribution IMRT (b) Calculated dose distribution VMAT
Figure 3.1: Field setup and primary dose distribution on a transversal CT slice calculated
in (a) for a 5 field IMRT plan and in (b) for a single arc VMAT plan for the Varian Clinac 21
iX.

In order to evaluate the neutron dose for a radiation oncology patient,
an anthropomorphic Alderson-Rando phantom (RSD Long Beach, CA,
USA) was used in this study to account for the patient anatomy. It is not
a priori clear that neutron dose measurements inside a phantom repres-
ent the actual neutron dose in the patient, since neutron production cross
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sections are dependent on the chemical composition of the material. How-
ever, Monte Carlo simulations by Hälg et al. [73] showed that the Alderson
soft tissue material is suitable for neutron dosimetry within the achiev-
able measurement accuracy. The dose measurements were performed us-
ing poly(allyl diglycol carbonate) (PADC) track etch detectors provided by
the Radiation Metrology Section of the Division for Radiation Safety and
Security at Paul Scherrer Institut in Villigen Switzerland [52, 74]. This de-
tector material has virtually no photon sensitivity [75] and is thus suitable
to measure neutron dose in a mixed field of photons and neutrons. Photon
sensitivity measurements of the dosimeters used showed a photon sens-
itivity of about 0.05 % [76]. The dosimeters were placed inside and on the
surface of the phantom, facilitating the determination of a three dimen-
sional dose distribution and the evaluation of the dose to radiation sensit-
ive organs according to the ICRP recommendations [26]. For the detector
positions inside of the phantom, dedicated cavities were milled. An ex-
ample of a PADC detector with two radiators inside the Alderson-Rando
phantom is shown in Figure 3.2. A subset of the detectors was positioned
on the medial patient axis. This allowed the determination of a one di-
mensional representation of the neutron dose equivalent from the target
volume in the prostate to the head. For the neutron dose measurements
at the proton facilities, the detector positions inside the treated volume
were shifted dorsal outside of the target volume in order to minimise the
influence of primary protons on the measured neutron dose. A total of
23 detector positions and two additional reference detectors were used
per measurement. In Figure 3.3, the positions of the PADC detectors in-
side the phantom are shown in a frontal scout view of the Alderson-Rando
phantom together with the isocenter in the prostate and the medial patient
axis. All measurements were performed twice and the average readout of
the two detectors per position was used to report the results. To determ-
ine organ neutron dose equivalent of the selected organs, the average of
all the detectors assigned to the specific organ structure was calculated.
Since the sensitivity of the PADC track etch detectors is best in a limited
dose range, the detectors at the different positions were irradiated with
different multiples of the treatment plans, according to the position of the
detector relative to the primary radiation field, treatment modality, and
radiation quality.

The readout of the PADC detectors was initially calibrated in personal
dose equivalent 𝐻 (10) using the radiation field of the Am-Be neutron
source at PSI and an ISO water slab phantom [56, 57, 59–61]. This was done
for every batch of detectors used for the series of measurements, allowing
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Figure 3.2: A dedicated cavity inside the Alderson-Rando phantom with a PADC detector
and two radiators.

the individual sensitivity of the batches to be account for. In addition,
subsets of background and transport detectors were used for each batch to
subtract possible unwanted signal from the readout. A further calibration
procedure was applied to account for the changes of the irradiation setup
for the measurements compared to the calibration setup. This included
calibration factors for the phantom geometry, the neutron spectrum of the
used radiation treatment beam quality and the changes of the neutron
fluence inside the phantom. A detailed description of this procedure can
be found in a work by Hälg et al. [77] (chapter 2 of this thesis).

The neutron doses were determined in terms of neutron dose equival-
ent 𝐻 per treatment Gray and for the whole course of treatment. In addi-
tion, the effective neutron dose was calculated using the sum of the organ
specific weighted neutron dose equivalent according to the definition of
effective dose in the ICRP recommendations [26].

3.3 Results
The neutron dose was measured on the medial patient axis with 13 detect-
ors from the target in the prostate to the head. In Figure 3.4 the measured
neutron dose equivalent along this axis is shown for the different treat-
ment techniques on the Varian linear accelerator. The dose was scaled to
neutron dose equivalent per total treatment dose of the whole course of
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Figure 3.3: Frontal scout view of the Alderson-Rando phantom with the PADC detector po-
sitions inside the phantom and the medial patient axis with the isocenter in the prostate.
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treatment to account for the different fractionation schemes of the differ-
ent treatment techniques (26 × 2.0 Gy (3DCRT) or 23 × 2.0 Gy). A compar-
ison of the neutron dose equivalent for IMRT treatments on the different
linear accelerators along the medial patient axis per treatment Gray can
be found in Figure 3.5. The same dose distribution for the proton treat-
ments is depicted in Figure 3.6 and the dose from the IMRT treatment
on the Varian linear accelerator is added for comparison. The distance
0 cm on the x-axis corresponds to the isocenter in the prostate and the ver-
tical lines are the borders of the target volume along the selected direction
(𝑥 = −4.5 cm and 𝑥 = 4.0 cm).
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Figure 3.4: Neutron dose equivalent along the medial patient axis. The isocenter corresponds
to = cm and the vertical lines represent the border of the target volume along this axis.
Total course of treatment ( × Gy (3DCRT) or × Gy) for different techniques on
the Varian linear accelerator.

The remaining PADC detectors were positioned inside and on the sur-
face of the phantom to measure organ specific neutron doses. The result-
ing average neutron dose equivalent per treatment Gray for the selected
organs is listed in Table 3.2.

The organ doses listed in Table 3.2 were used to calculate effective neut-
ron doses. For the complete course of treatment they were calculated to
be 2.9 mSv, 2.6 mSv, 2.3 mSv, 0.54 mSv, 1.9 mSv, 18 mSv, and 24 mSv for
Varian 3DCRT, Varian VMAT, Varian IMRT, Elekta IMRT, Siemens IMRT,
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Figure 3.5: Neutron dose equivalent along the medial patient axis. The isocenter corresponds
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IMRT treatments on different linear accelerators.
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Figure 3.6: Neutron dose equivalent along the medial patient axis. The isocenter corresponds
to = cm and the vertical lines represent the border of the target volume along this axis.
Active and passive proton therapy compared to IMRT on the Varian linear accelerator.
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ICRP organ Elekta
IMRT

Siemens
IMRT

Varian
3DCRT

Varian
IMRT

Varian
VMAT

Active
protons

Passive
protons

µSv / treatment Gy

Bone
marrow
Colon
Lung
Stomach
Breast
Remainder
Bladder
Oesophagus
Liver
Thyroid
Bone surface
Brain
Salivary
glands
Skin

Table 3.2: Average organ neutron dose equivalents in µSv per treatment Gy for various
treatment modalities.

spot scanning protons, and passively scattered protons, respectively. A
detailed listing of all the effective neutron doses, calculated for different
primary doses, can be found in Table 3.3.

3.4 Discussion
The observed differences in neutron dose equivalent between the differ-
ent treatment techniques on the Varian linear accelerator were within the
measurement uncertainty for most of the measurement points. The 3D-
conformal treatment tends to have a lower neutron dose outside of the
primary field close to the field border but higher dose within the treat-
ment field. This finding is consistent with another study by Hälg et al.
where neutron dose from open and intensity-modulated fields in a geo-
metrical phantom was compared [78] (chapter 4 of this thesis).

When comparing the IMRT treatment technique on different linear
accelerators, it was found that Elekta treatment machines produce con-
siderably lower neutron dose than Varian and Siemens machines. This
was observed for all measurement positions. The neutron dose from the
Siemens machine is slightly lower than that from the Varian machine in
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Treatment Effective
neutron dose

per
treatment Gy

Effective
neutron dose

per
whole treatment

Effective
neutron dose
outside target

per
whole treatment

Elekta IMRT
Siemens IMRT
Varian 3DCRT
Varian VMAT
Varian IMRT
Active protons
Passive protons

Table 3.3: Effective neutron doses of the different treatment modalities in mSv per treatment
Gy, per whole course of treatment ( Gy (3DCRT) or Gy), and per whole course of
treatment outside of the target volume.

general. No restriction was given in the planning guideline for the num-
ber of monitor units for the IMRT plans. Instead, dose constraints for the
planning volumes were given and the institutions were asked to perform
the treatment planning as they would do it for a regular patient. Therefore
there were differences in the number of monitor units used, as shown in
Table 3.1.

For proton treatments, neutron dose is higher in general compared to
the investigated photon treatments and apparently higher for scattered
compared to spot scanned protons. Inside and close to the primary radi-
ation field, the measured dose was higher for active protons than for pass-
ive protons. For distances far away from the treatment field, the neutron
dose from spot scanning protons is in the same order or even lower than
that from the Varian IMRT irradiation.

In general, one can say that the measured neutron dose for the investig-
ated treatments was at least one order of magnitude lower than the scatter
dose from a corresponding treatment using photons with 6 MV [79].

The values of the effective neutron doses are dominated by the contri-
bution of the neutron dose measured in the bladder. This dose value is the
highest because of the partial overlap of the target volume with the blad-
der. The stated neutron dose has to be examined in relation to the much
larger dose of the primary treatment field for organs in or close to the tar-
get volume. The dose deposition in the tumour volume can be viewed as
“non-avoidable”, therefore the effective neutron doses including only the
organs outside of the treatment field were added in Table 3.3.

The initial absolute calibration factor for the PADC detectors in terms
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of personal dose equivalent 𝐻 (10) for the dosimeters used in this work
was determined at PSI and varied between 10.21 × 10− mSv cm ±13 %
and 12.55 × 10− mSv cm ±7 %. The given uncertainty was determined
by one standard deviation of the readouts of the subset of calibration and
background detectors. For the whole calibration procedure including the
calibration factors for the spectral changes in the neutron fluence, the un-
certainty was determined to be 40 % [77] (see chapter 2). This uncertainty
already includes the before mentioned uncertainty of the readout of the
calibration detectors.

3.5 Conclusion
Measurements of neutron dose equivalent were performed to assess the
neutron dose contribution from typical treatments in radiation therapy for
different treatment techniques, therapy machines, and radiation quality.
Only small differences in neutron dose equivalent were found when com-
paring 3D-conformal, intensity-modulated radiation therapy, and volu-
metric modulated arc therapy treatment techniques on the Varian linear
accelerator. On the other hand, substantial differences in neutron dose
were measured for different linear accelerator models using IMRT. Neut-
ron dose from the investigated Elekta linear accelerator was much lower
than that of the linear accelerators from Siemens and Varian. For proton
therapy, the neutron dose was higher than for photon irradiation therapy
in general and in particular higher for the double scattering proton beam
compared to the spot scanning beam investigated in this study.

The overall dose additional to the therapeutic dose induced by second-
ary neutrons was of the same order of magnitude as the dose from a wide
range of contemporary imaging modalities used for image-guided radio-
therapy [80] (see chapter 6) and an order of magnitude lower than the
stray dose of a corresponding treatment with a 6 MV photon beam [81]
(see chapter 5). Considering this, the stray dose contributions from pass-
ive proton therapy (highest neutron stray dose in this study) were of the
same order of magnitude as from photon therapy when the neutron and
the photon stray dose was combined. On the other hand, active proton
therapy corresponded to the lowest total out-of-field dose, when consid-
ering the stray dose from neutrons and photons. This suggests that sec-
ondary neutron dose may have been overestimated in the past. Therefore
the usability of treatment techniques which produce secondary neutrons,
in particular high energy photon IMRT, should be considered in the same
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way as the usage of additional imaging modalities for the benefit of the
patient.
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Chapter 4. Monitor Units and Neutron Dose for High-Energy IMRT

4.1 Introduction
With the application of new radiation treatment modalities such as intens-
ity-modulated radiotherapy (IMRT) or intensity-modulated arc-therapy,
increased tumour control probabilities are anticipated. However, with
the application of these treatment techniques also a larger number of sec-
ondary cancers is expected. Some scientists believe that we will see an
increase in second malignancies due to the substantial increase in beam-
on time of IMRT techniques to deliver the same target dose compared to
conventional treatment techniques [5, 6]. A consequence of the extended
beam-on time is an increased dose of stray radiation, including neutrons,
which affects the whole patient. The neutrons could lead to a considerable
contribution to the integral dose, in particular, since neutrons have a large
quality factor and thus even a small physical dose can result in substantial
biological effects.

Most measurements and estimates of neutron dose equivalent from
radiotherapy treatments found in the literature are usually given in oper-
ational dose quantities, which represent effective dose and thus a person
risk. A compilation of current literature is listed in the review article by
Xu et al. [19]. It should be noted that the neutron dose is only one con-
tribution to integral dose and person risk. Others are for example dose
contributions from scattered photons, leakage radiation, products from
inelastic nuclear reactions, and imaging modalities.

In this report neutron detectors were used, which were calibrated to
measure local neutron dose equivalent, at different depths in a solid water
phantom inside and outside of the primary radiation field for an open and
intensity-modulated radiation field.

4.2 Materials and Methods
The neutron dose measurements were performed with a detector system
consisting of a PADC (poly(allyl diglycol carbonate)) track etch detector
(Thermo Fisher Scientific Inc., Waltham MA, USA) with 2 mm thick ra-
diators (polyethylene and polyethylene with lithium) on both sides. The
detectors were provided and read-out by the Division for Radiation Safety
and Security of the Paul Scherrer Institut (PSI) [52, 53].

The detectors were immersed into a 30 cm × 30 cm × 30 cm large RW3
solid water phantom (PTW, Freiburg, Germany). A specifically manufac-
tured holder (acrylic glass) was used to irradiate three detectors simultan-
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eously in order to improve statistics. The experimental setup is depicted
in Figure 1. Four measurement positions were chosen: in the radiation
field at 0.2 cm depth (D1) as well as in 15 cm depth (D2) and in gun dir-
ection outside of the treatment field at 0.2 cm (D3) and 15 cm (D4) depth,
respectively. The in-field detectors (D1, D2) were placed on the central ray
of the radiation field, the out-of-field detectors (D3, D4) 20 cm away from
the central ray.

A linear accelerator (Varian Medical System, Palo Alto, CA, USA) was
used to produce a photon radiation beam with a nominal energy of 15 MV,
having a tissue phantom ratio TPR at 20 cm/10 cm depth of 0.760.
Two irradiation techniques have been used. The first field was an open ra-
diation field delivering 75 monitor units (MU) and a total dose of 0.592 Gy
in 15 cm depth. The field size of 10 cm × 10 cm was defined by the jaws
and the multileaf collimator (MLC) was retracted. The second radiation
field was intensity-modulated, with a 2.32 cm sweeping MLC gap of 10 cm
lateral dimension. With the IMRT field, the same dose was delivered
as with the open field, but with 225 monitor units. The jaws were posi-
tioned to form a 10 cm × 10 cm field. The MU-ratio between the intensity-
modulated and the open field was three. Since the sensitivity of the PADC
detectors is optimal in a limited dose range, the detectors at the different
positions were irradiated with different doses. For the measurement po-
sition D1, the radiation field was applied two times, for the positions D2
and D3 six times and for D4 120 times.

The detector output given in tracks per area was first calibrated into
personal dose equivalent 𝐻 (10). For this purpose, a subset of the PADC
detectors from the measurement batch was mounted on an ISO water
slab phantom and irradiated with neutrons from an Am-Be neutron
source. The dose at the detector position was determined with a Berthold
LB6411 neutron dose rate meter calibrated at the Physikalisch-Technische
Bundesanstalt in Braunschweig, Germany [56], which is used as a second-
ary standard at PSI. The resulting calibration factor for the used batch
of PADC detectors was 16.39 × 10− mSv cm ±36 % (one standard devi-
ation).

The radiation quality used in the experiment was a photon beam with
a nominal energy of 15 MV, which produces neutrons with a different en-
ergy distribution than the Am-Be calibration source. To account for
this difference, Monte Carlo simulated neutron spectra in water of a thera-
peutic photon beam from a Varian linear accelerator were taken from Kry
et al. [65, 77]. The detector response normalised to the Am-Be neut-
ron spectrum from a PSI technical report [64] was convolved with the
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30 cm 
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10 cm 

PADC detector 

with radiator 

15 cm 

Gun Target 

5 cm 5 cm 

D1: 1.6 ± 0.6 

D2: 1.0 ± 0.4 

D3: 2.4 ± 0.9 

D4: 1.9 ± 0.8 

Figure 4.1: Experimental setup. A centim × centim × centim RW3 solid water cube
was irradiated with a cm × cm field with a nominal energy of MV at a source surface
distance of cm. The radiation beam was placed such that the central ray was cm from the
phantom border (isocenter was located at cm depth). The PADC detectors were placed
horizontally cm from the edge of the phantom. The numbers in the boxes indicate the
ratio of neutron dose equivalent from the IMRT field relative to the open field for the same
absorbed dose at position D2.
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normalised neutron spectra simulated inside and outside of the radiation
field, resulting in calibration coefficients for the neutron spectra at the
four detector positions, which are listed in Table 4.1. The absolute cal-
ibration factor from tracks per square centimetre into neutron personal
dose equivalent 𝐻p(10) in mSv cm was determined in the neutron field of
the Am-Be source. The calibration factors from neutron personal dose
equivalent into neutron dose equivalent, considering the spectral changes
with depth, are given for the two depths inside and outside of the treat-
ment field. This field calibration procedure is described by Hälg et al. [77]
(chapter 2 of this thesis).

Depth Neutron personal Neutron dose equivalent
dose equivalent

p( )( − )
/cm

( MV )
p( )( − )

in cm in mSv cm

in-field out-of-field

0.2 0.91 0.96
⋅ −

15.0 0.71 0.71
Table 4.1: Calibration factors for converting tracks per square centimetre into neutron dose
equivalent in mSv for the different positions in the phantom. The second column repres-
ents the initial absolute calibration from tracks per square centimetre into neutron personal
dose equivalent p( ) in mSv cm , performed in the Am-Be neutron field. The third
column contains the calibration factors from neutron personal dose equivalent into neutron
dose equivalent considering the spectral changes with depth.

4.3 Results
The measurement series were performed once for the open field and twice
for the IMRT field, leading to three and six measurement values per loca-
tion, respectively. The average value of the measurements at each location
was used to report the results.

The measured neutron dose equivalents at the four locations for the
two techniques are listed in Table 4.2. The ratio of the neutron dose equi-
valent from the IMRT treatment to the dose resulting from the open field
irradiation is shown in the boxes of Figure 1 at the four positions. In the
treatment field itself the ratio drops from 1.6 at the surface to 1.0 at 15 cm
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depth. Outside the treatment field the ratio is 2.4 at the surface and 1.9 at
15 cm depth.

Depth Neutron dose equivalent in Neutron dose equivalent in
in cm mSv Gy− for an open field mSv Gy− for an IMRT field

in-field out-of-field in-field out-of-field

0.2 2.8 1.0 4.5 2.4
15.0 0.20 0.015 0.20 0.029

Table 4.2: Neutron dose equivalent in mSv per treatment Gy measured at different depths
for an open field and an intensity-modulated field. The dose was prescribed to measurement
point D2.

4.4 Discussion
The uncertainty of the calibration and readout of the PADC detectors was
estimated by the standard deviation of the readout of two subsets of the
detector batch which were used as background detectors or have been ir-
radiated with neutrons from the Am-Be source for the absolute calib-
ration. It was calculated to be 𝜎 = 36 %. This was verified by the statistical
deviations of the minimum or maximum readout to the mean value of
the three repeated measurements at each measurement position, which
were in the range of −17 % to 30 % with an average of less than 10 %.
The error of the mean was calculated using the Student’s t-distribution
Δ𝐷 = 𝑡 ⋅ 𝜎/√𝑛 = 27 % with 𝑛 = 3 and a corresponding 𝑡 = 1.32. The total
uncertainty was then calculated by error propagation for the ratios of the
open and the intensity-modulated field doses. The overall uncertainty of
the dose ratios was 39 %. In addition to the detector batch variation of 36 %
an uncertainty of 17 % comes from three sources. One source of around
5 % comes from the spectral difference of the calibration conditions (neut-
rons from an Am-Be source) and the open photon radiotherapy beam. An-
other source of around 15 % comes from the spectral change with depth
in the phantom. Both of these uncertainties apply more or less in a similar
way to the open and the MLC field and were therefore not considered for
the error estimate of the dose ratios. The residual uncertainty of maximal
7 % comes from the differences in fluence between the open and the MLC
field which was not accounted for, as it is much smaller than the 36 %
batch uncertainty.
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An IMRT treatment delivers more monitor units than a conventional
irradiation due to the realisation of the intensity modulation. As a con-
sequence, beam-on time is larger for the same delivered dose. Commonly
it is assumed that neutron dose equivalent scales with the number of ap-
plied monitor units for a radiotherapy treatment irrespectively of the used
treatment technique [5, 6]. The measurements presented in this report
indicate that this may only be true for superficial tissues outside of the
treatment field. Deeper lying tissues outside the treatment volume receive
around 35 % less neutron dose equivalent than expected (three times ex-
pected and around two times observed). In the treated volume the dose re-
duction is even more pronounced with a 45 % reduction at the surface and
a 65 % reduction in larger depth. However, it should be noted here that
the irradiated volume is in general much smaller than the body volume
which receives only stray dose. Therefore, if it is assumed that cancer in-
duction is a function of dose and irradiated volume, the neutron dose re-
duction in the irradiated volume might not have a large impact. In addi-
tion the neutron dose equivalent must be viewed always in relation to the
primary dose distribution, which is several orders of magnitude larger in
the treated volume.

A possible explanation for the measured difference in scaling of the
neutron dose with applied monitor units for open and intensity-modu-
lated fields could be the interplay between neutron production and neut-
ron shielding of the multileaf collimator when used in IMRT. Kry et al. [82]
found in Monte Carlo simulations of neutron production in a Varian lin-
ear accelerator head that the MLC can act as a neutron absorber where
the primary photon beam is shielded by the jaws. Zanini et al. [68] did a
Monte Carlo study on the photoneutron fields of a Varian linear acceler-
ator operating at a nominal energy of 18 MV. They determined neutron
spectra at different locations (inside and outside of the primary field) for
different collimation settings. The spectra simulated in that study at 3 cm
(as in-field) and 15 cm (as out-of-field) laterally from the isocenter were
used to estimate the expected readout of the PADC detectors used in this
work. For this purpose the spectra were convolved with the energy de-
pendent detector response function of the PADC detectors determined by
PSI [52, 53, 64]. The absolute neutron fluence per square centimetre per
Gray obtained by Zanini et al. for the static MLC field was multiplied by
a factor of three to account for the elongated beam-on time for intensity
modulation. The calculated PADC response includes not only the spectral
change, but also effects like for example the absorption of neutrons by the
MLC. The simulated detector response yielded a neutron dose ratio of 2.4
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for the in-field spectrum and 2.0 for the out-of-field spectrum at the sur-
face. These values are in agreement with the measurements of this study.
In the work by Zanini et al. it was also shown that for equal field sizes the
amount of neutron production in the MLC is smaller than in the jaws.

The neutron spectra simulated in the study by Zanini et al. show a
slight shift towards lower energies for the field using the MLC when com-
pared to the open field. This shift lowers also the mean energy, which
could be responsible for the change of the ratio between the open field
and the intensity-modulated field with depth in the phantom seen in this
study, as the moderation of neutrons is energy dependent. Dedicated
Monte Carlo simulations would be necessary to assess this in detail.

4.5 Conclusion
The findings of this study indicate that the number of applied monitor
units during a radiotherapy treatment alone is not predictive for the neut-
ron dose equivalent the patient receives. Outside the treatment volume
in larger depth 35 % less neutron dose equivalent was delivered than ex-
pected for a MU scaling of a factor of three to deliver the same dose to
the target for IMRT compared to the open field. As a consequence, the
predicted increase of second cancer induction rates because of neutrons
from intensity-modulated treatment techniques at large photon beam en-
ergies might have been overestimated. The neutron dose to the patient
is dependent on several parameters, such as the type and material of the
multileaf collimator and the photon energy, which were not investigated
in this work and should be included in further studies.

50 4.5. Conclusion



Chapter 5

Systematic Measurements of Whole-Body Dose
Distributions for Various Treatment Machines and

Delivery Techniques in Radiation Therapy

Roger A. Hälg1, Jürgen Besserer1, and
Uwe Schneider1,2

1 Institute for Radiotherapy, Radiotherapie Hirslanden AG, Aarau, Switzerland
2 Vetsuisse Faculty, University of Zurich, Zurich, Switzerland

Submitted to
Medical Physics

2012

51



Chapter 5. Whole-Body Dose Distributions in Radiation Therapy

5.1 Introduction

Continuous efforts in research and development in radiation therapy led
to new treatment modalities and further optimised delivery techniques.
Two examples are the introduction and application of intensity-modu-
lated radiation therapy [11] (IMRT) and volumetric modulated arc ther-
apy [83] (VMAT). These modern radiotherapy treatment techniques sug-
gest an increase in cancer cure rates, while simultaneously unwanted side
effects can be reduced [84]. There are clear therapeutic advantages using
these techniques, for instance, the improved conformity of the dose to the
target volumes and larger dose gradients in the healthy tissue. But there
are also disadvantages, such as an increase in the beam-on time required
to deliver the same dose to the target volume in intensity-modulated tech-
niques compared to conventional techniques. Concerns have been raised
that there could be an increase in radiation-induced malignancies with the
application of these techniques, in particular, in younger patients [5, 85].
These concerns are mainly based on the increased number of monitor
units needed for the same dose to the target, the larger number of beam
entrance ports and consequently, the large volume irradiated with low
doses and the impact on the integral dose of the patient [5]. It is, therefore,
important to assess the complete dose distribution received by a radio-
therapy patient, including the primary dose distribution, dose from stray
radiation, and imaging dose as well as possible secondary neutron dose
contributions, when comparing different delivery techniques. Advances
in cancer therapy over the last few decades have resulted in longer sur-
vival times after treatment, which necessitates an investigation into the
influence of the dose distribution on the long term health of cancer pa-
tients [7]. This includes investigations into secondary cancer incidence.

Contemporary treatment planning systems can calculate precisely and
efficiently the distribution of absorbed dose inside the primary field and
close to the treatment field. But to assess the dose to organs further away
from the primary radiation field, measurements or Monte Carlo simula-
tions are necessary. There are numerous studies in the literature where
out-of-field doses were measured and simulated. A comprehensive list
of such studies examining dose contributions for different treatment ma-
chines and delivery techniques can be found in a review paper by Xu et
al. [19]. Early dosimetry studies focused mainly on occupational radiation
safety for medical personnel, whereas later studies determined out-of-
field dose and effective dose for patient safety, including modern treat-
ment techniques. Comparative measurements were usually performed on

52 5.1. Introduction



Chapter 5. Whole-Body Dose Distributions in Radiation Therapy

the same treatment machine to investigate differences in dose distribution
for various treatment plans, delivery techniques, and nominal beam ener-
gies. Only a small number of studies included different linear accelerators
for comparison of out-of-field dose. Direct comparisons between different
dosimetry studies are difficult, because the measurement conditions and
irradiation intentions differ substantially.

The aim of this study was to measure in- and out-of-field absorbed
dose in an anthropomorphic phantom using the same measurement setup
and irradiation intention. The doses from typical radiotherapy patient
plans were measured using different treatment techniques and therapy
machines. The doses were examined with respect to geometrical and ana-
tomical considerations.

5.2 Materials and Methods

5.2.1 Treatment Intention and Planning

The clinical treatment intention of this study was the curative irradiation
of a rhabdomyosarcoma of the prostate for an adolescent patient, repres-
ented by an anthropomorphic phantom. The planning CT of the phantom
and the contouring of the target structures and organs for the phantom
(done by a physician) were performed at one institution. The dose pre-
scription for the irradiation was 26 × 2.0 Gy for the 3D-conformal treat-
ment (with and without hard wedges) and 23 × 2.2 Gy for the treatment
modalities using intensity modulation. For the stereotactic irradiation of
the rhabdomyosarcoma, a dose prescription of 5 × 5.8 Gy was chosen. The
fractionation schemes were matched to represent the same biological tar-
get dose using the linear-quadratic model and an / ratio of 2.8 [71]. The
dose constraints for organs at risk were adapted accordingly, using / val-
ues for the corresponding organs. This information was sent to all the par-
ticipating institutions along with a planning guideline (see Appendix 5.B)
containing the CT calibration curves, dose prescription, planning struc-
tures, dose constraints, and the location of the isocenter. The treatment
planning of the simulated treatment of the anthropomorphic phantom
was performed at every hospital using the specified dose constraints to
targets and organs at risk.
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5.2.2 Therapy Modalities

The series of measurements consisted of several photon therapy irradi-
ations. All measurements and detector readouts were performed by the
same person. This procedure ensured the consistency of the irradiations
and measurements at the different sites. The photon beams were delivered
by treatment machines from the manufacturers Accuray (Accuray, Sunny-
vale, CA, USA), Elekta (Elekta AB, Stockholm, Sweden), Siemens (Siemens
AG, Healthcare Sector, Erlangen, Germany), and Varian (Varian Medical
Systems, Palo Alto, CA, USA). The treatment irradiation techniques in-
cluded in this study were 3D-conformal (3DCRT), 3D-conformal using
hard wedges (3DCRT hard wedge), volumetric modulated arc therapy
(VMAT), flattening filter free (FFF) volumetric modulated arc therapy,
intensity-modulated radiotherapy (IMRT), helical TomoTherapy, and ste-
reotactic irradiation (CyberKnife). The measurements were performed
at Canton Hospital Aarau, Aarau, Switzerland (Siemens Oncor Avant-
Garde), Canton Hospital St. Gallen, St. Gallen, Switzerland (Elekta Syn-
ergy), Centre Hospitalier Universitaire Vaudois, Lausanne, Switzerland
(Accuray TomoTherapy Hi-Art 2, Siemens Mevatron Primus), Radiother-
apie Hirslanden AG, Aarau, Switzerland (Varian Clinac 21 iX), Radiother-
apie Hirslanden AG, Zurich, Switzerland (Accuray CyberKnife), and Uni-
versity Hospital Zurich, Zurich, Switzerland (Varian TrueBeam).

All the photon beams for this work had a nominal energy of 6 MV ac-
cording to BJR-11 [72]. The treatment machines and their corresponding
TPR values, as well as the treatment planning system (TPS) used and
the applied irradiation techniques are listed in Table 5.1.

An overview of the fractionation scheme for the different treatment
modalities, the type of multileaf collimator (MLC, static: SMLC or dy-
namic: DMLC), the number of fields, and the resulting total number of
monitor units for the whole course of treatment can be found in Table 5.2.

5.2.3 Phantom and Detectors

In order to evaluate the therapeutic dose and the dose from stray radi-
ation and to account for the patient anatomy, an adult anthropomorphic
Alderson-Rando phantom (RSD Radiology Support Devices, Long Beach,
CA, USA) was used. The phantom consisted of 35 transversal slabs, made
of material that was tissue equivalent for photon beams and every slab
contained holes for detectors. The dose measurements were performed
using thermoluminescent dosimeters (TLDs) placed inside the Alderson-
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Treatment machine TPR TPS Technique

Accuray MultiPlan 3.5.0 Stereotactic
CyberKnife Raytrace

Accuray TomoTherapy TPS 4.0 Helical IMRT
TomoTherapy Hi-Art 2 Convolution/superposition

Elekta Eclipse IMRT
Synergy AAA 8.6.14

Siemens XiO 4.64 3DCRT
Mevatron Primus Convolution/superposition hard wedge

Siemens Pinnacle v8.0m IMRT
Oncor Avant-Garde Collapsed cone convolution

Varian Eclipse 3DCRT, IMRT,
Clinac 21 iX AAA 8.6.14 VMAT

Varian Eclipse VMAT FFF
TrueBeam AAA 8.9

Table 5.1: Treatment machines used in this study, the corresponding TPR values, treat-
ment planning system, and the treatment techniques. The photon beams had a nominal
energy of MV.

Treatment plan Number of
fractions

Dose per
fraction

Type of
MLC

Number of
fields

Total
MU

Accuray CyberKnife Gy SMLC 415 beams
Accuray TomoTherapy Gy DMLC —
Elekta IMRT Gy SMLC 5 fields
Siemens hard wedge Gy SMLC 5 fields
Siemens IMRT Gy SMLC 9 fields
Varian 3DCRT Gy DMLC 4 fields
Varian IMRT Gy DMLC 5 fields
Varian VMAT Gy DMLC 1 arc
Varian VMAT FFF Gy DMLC 2 arcs

Table 5.2: Measured treatment plans, applied dose per fraction, type of MLC, number of
fields, and corresponding number of monitor units (MU). The photon beams had a nominal
energy of MV.
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Rando phantom. The dosimeters had the form of disks with a diameter
of 4.50 mm and a thickness of 0.60 mm. This geometry allowed to po-
sition the detectors directly in the phantom slabs without casing. The
trading name of the detectors was TLD-100H (Thermo Fisher Scientific,
Waltham, MA, USA) and they were made of lithium fluoride (∼ 7.5 % Li)
and doped with magnesium, copper, and phosphorus (LiF:Mg,Cu,P). The
useful dose range of the dosimeters was 1 µGy to 20 Gy according to the
manufacturer. The positions of the detectors were chosen to determine
the dose profile along the medial patient axis and to assess the dose in
different organs. The radiation sensitive organs were determined accord-
ing to the ICRP recommendations [26]. A total of 184 measurement po-
sitions were selected in the phantom, facilitating the determination of a
three-dimensional dose distribution. Each dosimeter used for measure-
ments was assigned to an organ structure defined in the CT data of the
Alderson-Rando phantom. This organ assignment was used to calculate
mean organ doses. The dose along the medial patient axis was determ-
ined using 34 detectors spaced by 2.5 cm from the target (in the prostate)
to the head. All the doses were determined in terms of absorbed dose to
water.

5.2.4 Detector Calibration
The dosimeters were calibrated using the 6 MV beam of a Varian Clinac
21 iX and a RW3 solid water slab phantom (PTW, Freiburg, Germany).
Measurements in a water tank were used to find a combination of field
size and depth in the phantom which gave a dose profile as flat as possible
(field size: 25 cm × 25 cm, depth: 14.7 cm, dose variation: ±0.5 %). The
measurement TLDs were irradiated inside the primary field in batches
of 50 detectors with a dose of about 100 mGy. The batches were placed
in the solid water phantom inside a PMMA casing. The calibration dose
was determined by ionisation chamber measurements (Farmer Ionization
Chamber, PTW, Freiburg, Germany) at the position of the PMMA cas-
ing. Two batches of 16 TLDs were used for the evaluation of the back-
ground/transport signal. They were calibrated in the same way as the
measurement dosimeters, but were not irradiated intentionally during a
treatment measurement. Each detector batch contained four reference do-
simeters, which were irradiated with a reference dose (∼ 100 mGy) for
each measurement.

For each TLD, a calibration factor in terms of dose per reader count was
determined by performing a calibration measurement two to three days
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before every measurement. These dose calibration factors (DCF) were de-
termined using Equation (5.1),

𝑘 = 𝑑
𝐶 , (5.1)

where 𝑘 was the raw DCF of the 𝑖 TLD, 𝑑 was the calibration
dose determined by the ionisation chamber measurement, and 𝐶
were the raw number counts from the detector readout.

The reader counts were then corrected for the background signal ac-
cording to Equation (5.2) considering the sensitivity variation between the
background dosimeters and the dosimeter of interest

𝐶 = 𝐶 −
𝑘
𝑘 ⋅ 𝐶 , (5.2)

where 𝐶 were the corrected reader counts of the 𝑖 TLD for the cal-
ibration measurement, 𝑘 was the mean raw dose calibration factor
of all the background dosimeters, and 𝐶 were the mean reader counts
of all the background dosimeters from the corresponding measurement
irradiation.

These corrected counts 𝐶 were used in Equation (5.1) instead of the
raw reader counts 𝐶 to determine the final dose calibration factor
(𝑘 ) for each dosimeter and calibration.

A microprocessor-controlled annealing procedure in a dedicated oven
(Fimel ETT Annealing Oven, PTW, Freiburg, Germany) was applied to all
the TLDs after each readout. They were placed in a metallic container, in
the same batches as for calibration. A linear heating ramp (∼ 35 °C min− )
up to 240 °C was used. The TLDs were kept at this maximum temperat-
ure for 10 min before they were cooled down in the oven to 50 °C with a
constant cooling rate (∼ 5 °C min− ).

5.2.5 Detector Readout
For the readout of the dosimeters, a Fimel PCL3 isothermal TLD reader
(PTW, Freiburg, Germany) was used. This reader had two isothermal
heating zones, one for preheating and one for the actual readout of the
dosimeters. The preheating and readout temperatures were 100 °C and
240 °C, respectively. Each TLD was placed in a metallic cupel for the
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automated readout procedure. The same batches for the calibration were
used to load the stack of the reader. The signal of the dosimeters was de-
termined in terms of collected photomultiplier charge for 30 s during the
readout of the TLDs.

Manufacturer recommended optical filters were available for the TLD
reader to adapt the dynamic range of the photomultiplier to the light sig-
nal of the TLDs and, therefore, to the measured dose. A grey filter was
applied to the two batches of detectors used for the dose measurements in-
side and close to the treatment fields, where the expected dose was higher.
A blue filter (smallest available light absorption) was used for the other
two batches for the measurement locations further away from the isocen-
ter towards the head of the phantom. Each optical filter was assigned a
batch of background dosimeters to correct the corresponding measure-
ment TLDs for background signal.

The reference dosimeters of each batch were used to correct for the
daily variation in the output of the TLD reader and to account for a pos-
sible drift in the output during one readout cycle. Therefore, two of the
four reference dosimeters were read out at the beginning of the batch and
two at the end. The values of the dose per count from the reference ir-
radiation relative to the values from the corresponding calibration were
used to calculate the sensitivity of the readout at the beginning and at the
end of the readout cycle. A linear interpolation between these two values
(𝑘 ) was used to correct the readout of the TLDs used for measurement
in that batch. The mean correction factor for the daily variation was 1.00
and the maximum correction was 8 %. The drift correction 𝑘 during
the readout of one batch had a mean value of 2 % and a maximum of 6 %
over all measurements.

5.2.6 Dose Determination
The measured dose of each dosimeter was calculated by means of Equa-
tion (5.3), where the above mentioned calibration and correction factors
were applied and the background signal was subtracted

𝐷 = 𝑘 ⋅ 𝐶 − 𝑘 ⋅ 𝐶 ⋅ 𝑘 , (5.3)

where 𝐷 was the determined absorbed dose to water of the 𝑖 TLD, 𝑘
and 𝑘 were the background corrected DCF from the corresponding cal-
ibration, 𝐶 were the reader counts from the measurement, and 𝑘 was
the linear interpolation of the drift correction for the 𝑖 readout position
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in the cycle.

5.2.7 Energy Correction

The readout signal of thermoluminescent dosimeters depends on the en-
ergy of the impinging photons. Therefore, the measured dose depends
on the photon spectrum at the measurement position. For measurements
of photon dose from radiotherapy, this could lead to differences in the
measured dose depending on the position in the phantom, especially for
measurements comparing doses inside and outside of the primary beam.
The energy dependent response of the thermoluminescent material used
in this study (LiF:Mg,Cu,P) was investigated by several groups [86–89].
Monte Carlo simulations of photon spectra for 6 MV photon beams inside
and outside of the primary beam were performed by Edwards and Mount-
ford [90] and by Scarboro et al. [91]. They showed that the mean energy
of the photons was shifted from about 1.5 MeV on the central axis down
to about 0.3 MeV outside of the primary beam, close to the field edge.

In order to analyse if this energy shift had an impact on the dose meas-
urements in this study, the estimated detector response relative to the in-
field response was calculated using the spectra simulated by Scarboro et
al. for a depth of 1.6 cm and distances of 15 cm and 50 cm from the central
axis. According to the analytical response function determined by Dug-
gan et al. [87] for LiF:Mg,Cu,P thermoluminescent material, a reduction
of the response by 7 % and 6 % relative to the infield response was calcu-
lated for the distances 15 cm and 50 cm from the central axis, respectively.
The response curve measured by Davis et al. [86] led to a reduction of the
response by 18 % and 17 % for the same spectra. To verify this, a randomly
selected subset of the TLDs was used. The measurement setup was chosen
to measure the dose at the positions of the simulated spectra mentioned
above. The dose was measured at each position with TLDs and a Farmer
ionisation chamber. The measured correction factors for the TLDs readout
with the grey filter were 1.15 and 1.12 for the positions 15 cm and 50 cm
from the central axis, respectively. For the same positions, the correction
factors were 1.12 and 1.05 for the TLDs readout using the blue filter. The
correction factor was determined for two more positions, namely, in 10 cm
depth at 15 cm and 30 cm from the central axis. The values were 1.11 and
1.12 for the grey filter, whereas they were 1.08 and 1.08 for the blue fil-
ter. Finally, a general energy correction factor of 1.1 was chosen for all the
out-of-field measurements.
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5.2.8 Dose Linearity
The linearity of the dose response of the TLD readout signal was checked
with a randomly selected subset of the dosimeters within the primary
beam of the Varian Clinac 21 iX. A least-squares fit to the measured doses
over the whole dose range of this study (250 µGy–3.4 Gy) showed a slope
of 0.97 ionisation chamber dose/TLD dose and an intercept of 4.2 mGy
ionisation chamber dose, with a corresponding 𝑅 of 0.9998. The quality
of the fit indicated a linear behaviour of the TLD signal with dose and,
therefore, no correction for non-linearity was applied.

5.2.9 Measurement Reproducibility
In order to investigate the long term stability of the TLD readout and to
estimate the reproducibility of the dose measurements, the readout signal
per applied dose of the reference TLDs was analysed for all the calibration
and reference irradiations. The standard deviation was calculated for each
of the 20 reference TLDs for a total of 35 irradiations. The reproducibility
of a complete treatment was checked by repeating the measurement for
two treatment techniques (3D-conformal and intensity-modulated radi-
ation therapy on the Varian Clinac 21 iX) and comparing the determined
dose for every measurement position.

5.3 Results
The reproducibility of the dose measurements was determined by the
mean standard deviation of all the reference TLDs for a total of 35 irradi-
ations and was 4 % with minimum and maximum of 2 % and 5 %, respect-
ively. In Figure 5.1, the distribution of the readout signal per applied dose
normalised to the mean value of each TLD, is shown in a box-and-whisker
plot for the 20 reference TLDs.

The mean values of the relative doses and the standard deviation for
the reproducibility of the measurements of a complete treatment irradi-
ation were 0.99 ±0.05 and 0.98 ±0.07 for the 3DCRT and the IMRT irradi-
ations, respectively.

The following figures show the dose profile along the medial patient
axis from the isocenter in the prostate (𝑥 = 0 cm) to the head (𝑥 = 82.5 cm)
for different treatments.

Figure 5.2 shows a semi-logarithmic comparison of the dose along the
medial patient axis for the treatment techniques 3DCRT, IMRT, and VMAT
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Figure 5.1: Reproducibility of the reference TLDs for all the calibration and reference
irradiations ( in total). The TLD signal per dose normalised to the mean value of each
TLD is shown in a box-and-whisker plot.

with and without flattening filter on the Varian Clinac 21 iX and Varian
TrueBeam (VMAT FFF) linear accelerators. On the left, the absorbed dose
is shown for the total treatment dose of the complete course of treatment,
as the 3D-conformal treatment used a different fractionation scheme than
the intensity-modulated treatments (26 × 2.0 Gy versus 23 × 2.2 Gy). On
the right, the dose is plotted relative to the dose of the 3D-conformal irra-
diation.

The dose on the medial patient axis from different intensity-modulated
radiotherapy treatments using linear accelerators from the manufacturers
Elekta, Siemens, and Varian, and a TomoTherapy unit are shown in Fig-
ure 5.3. On the left-hand side, the dose is plotted for the complete course
of treatment for comparison with the other figures, although all IMRT
treatments had the same fractionation scheme. To correct for a system-
atic misalignment of the isocenter on the Elekta linear accelerator during
the measurement, this curve was shifted by −0.5 cm. The relative dose dis-
tribution compared to the 3D-conformal irradiation on the Varian linear
accelerator is plotted on the right-hand side.

A comparison of different treatment techniques and machines is de-
picted in Figure 5.4. The hypo-fractionated CyberKnife irradiation, the
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Figure 5.2: Dose distribution along the medial patient axis. The isocenter corresponds to
= cm and the vertical lines represent the border of the target volume along this axis.

The photon beams had a nominal energy of MV. (a) Total course of treatment ( × Gy
(3DCRT) or × Gy) for different techniques on the Varian Clinac 21 iX and TrueBeam
(VMAT FFF) linear accelerators with dynamic MLC. (b) Dose relative to the 3DCRT irradi-
ation.
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(a) IMRT treatments
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Figure 5.3: Dose distribution along the medial patient axis. The isocenter corresponds to

= cm and the vertical lines represent the border of the target volume along this axis. The
photon beams had a nominal energy of MV. (a) Total course of treatment ( × Gy) for
IMRT treatments on different treatment machines with static MLC (Elekta and Siemens) and
dynamic MLC (TomoTherapy and Varian). (b) Dose relative to the Varian 3DCRT treatment.
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3D-conformal treatments with and without hard wedges, and the helical
TomoTherapy technique are plotted. The left graph shows the dose per
total treatment dose of the whole course of treatment to account for the
different fractionation schemes. On the right-hand side, the dose is plot-
ted relative to the dose of the 3DCRT irradiation without hard wedges.

A comparison of the resulting organ doses for the intensity-modulated
treatments is listed in Table 5.4. The mean organ doses of the treatment
technique 3D-conformal with and without hard wedges are presented in
Table 5.5. In Table 5.6, the volumetric modulated arc therapies and the ste-
reotactic CyberKnife irradiation are compared in terms of the mean organ
doses. In addition to the mean organ doses, the effective doses outside
the treated volume were calculated according to ICRP [26] and are listed
in Table 5.7.

5.4 Discussion
Currently 3D-conformal therapy is a well-established technique in clin-
ical routine against which new innovations and adaptations of techniques
or protocols are usually compared. The measurements for this study al-
lowed a comparison of different treatment techniques on the same linear
accelerator (3DCRT vs IMRT and VMAT on the Varian Clinac 21 iX, see
Figure 5.2) and different treatment machines compared to each other (Fig-
ures 5.3 and 5.4).

Along the medial patient axis a dose spike was visible for the IMRT
treatment on the Varian Clinac 21 iX shown in Figure 5.2 (around 𝑥 =
22.5 cm). This is consistent with the findings of Ruben et al. and has been
reported before [92]. Ruben et al. explain this spike by leakage radiation
penetrating through the Y-jaw of the secondary collimator before passing
through a gap between the lateral edge of the MLC and the primary col-
limator. This spike in the dose profile of the Varian IMRT irradiation leads
to a local relative dose reduction for the other intensity-modulated treat-
ments. This local spiking effect is present for the 3D-conformal irradiation
too, but to a lesser extent.

For the discussion of the stray dose from different treatment modal-
ities, the dose along the medial patient axis was separated into three re-
gions, a high dose region with doses larger than 5 Gy (0 cm–7.5 cm from
the isocenter), a medium dose region from 0.5 Gy to 5 Gy (7.5 cm–15 cm),
and a low dose region with doses up to 0.5 Gy (15 cm–82.5 cm). This clas-
sification was chosen to represent the regions corresponding to different
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(a) Various treatments
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Figure 5.4: Dose distribution along the medial patient axis. The isocenter corresponds to

= cm and the vertical lines represent the border of the target volume along this axis. The
photon beams had a nominal energy of MV. Static MLCs were used except for the Tomo-
Therapy. (a) Total course of treatment ( × Gy 3DCRT with and without hard wedges,

× Gy TomoTherapy or × Gy CyberKnife) for different techniques and treatment
machines. (b) Dose relative to the 3DCRT irradiation on the Varian linear accelerator.
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risks for cancer induction. According to Travis et al.[93], the highest in-
cidence of secondary cancer in patients treated for Hodgkin’s disease was
found in the intermediate dose region, followed by the high and low dose
regions, respectively. It should be noted that the quantification of cancer
risk as a function of dose is not trivial for the medium and high dose re-
gions. In the low dose region, however, the linear model of cancer risk
can be applied and thus risk is proportional to the mean dose.

5.4.1 High dose region (> 5 Gy)
The high dose region contains the therapeutic dose from the primary ra-
diation, which is the main contributor to dose. Beside this, the main con-
tributors of stray dose in the high dose region are phantom and collim-
ator scatter. These are mainly dependent on the dose to the target and
the collimator geometry; therefore, the stray dose in this region does not
scale with the monitor units of the specific plan. It is difficult to compare
the measured doses in this region, as several factors influence the dose
which can lead to large differences in this region of large dose gradients.
Misalignment in the positioning of the phantom can change the meas-
ured dose. Another source of uncertainty is the quality of treatment plan-
ning, which has an impact on the conformity of the dose distribution. Al-
though all treatment plans were calculated on the same planning CT with
the same target structures and dose prescription, the quality of a treat-
ment plan depends on the experience of the treatment planner and find-
ing an optimal plan is an iterative process. Since the treatment plans for
the measurements with the Varian treatment machines were performed
with the same treatment planning system and for the Clinac 21 iX by the
same treatment planner, the dose distributions can be more reliably com-
pared, even in the high dose region. A direct comparison of the dose in
the region of large dose gradients between the Varian treatments and the
IMRT treatments at the Siemens and Elekta linear accelerators must be
performed with care. To illustrate this, the dose calculated by the treat-
ment planning systems for different linear accelerators and delivery tech-
niques was plotted for the high dose region in Figure 5.5. It can be clearly
seen that in the region of the dose gradient, the different treatment plans
result in different dose gradients.

The dose along the medial patient axis measured in this study for the
high dose region is shown in Figure 5.6. Intensity-modulated treatments
are expected to produce larger dose gradients at the field borders. This
is due to lower phantom and collimator scatter for intensity-modulated
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Figure 5.5: Dose distribution along the medial patient axis calculated by the corresponding
treatment planning system at the institution where the measurement was performed. The
photon beams had a nominal energy of MV and static MLCs were used for the CyberKnife
and the Siemens linear accelerators, whereas dynamic MLCs were used for the TomoTherapy
and the Varian linear accelerator.

treatments, as the treatment field sizes are generally smaller. When the
doses at the first measurement point outside of the field were compared,
this reduced dose was qualitatively visible for Varian IMRT and VMAT
treatments, although the differences were within the measurement uncer-
tainty. The Siemens and Elekta IMRT irradiations showed smaller dose
gradients compared to the other IMRT and VMAT treatments. For the
Siemens IMRT measurement, this was expected from Figure 5.5. The dose
measured for all the treatments at Varian linear accelerators, the irradi-
ation of the 3D-conformal plan with hard wedges at the Siemens linear
accelerator, and at the TomoTherapy, were comparable in the high dose
region. The dose of the CyberKnife irradiation was higher by a factor of
two, compared to the 3D-conformal irradiation. This was expected, since
the CyberKnife treatment was the only non-coplanar treatment, resulting
in additional dose to volumes in the cranio-caudal direction. The dose of
the Elekta IMRT irradiation close to the field edge was not directly com-
parable to the other measurements, because of the misalignment of the
isocenter. This effect was most pronounced in the high dose region.

The minimal dose values, which can be viewed as an approximate
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quantitative measure of cancer-risk in this region, are given in Table 5.3.
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Figure 5.6: Comparison of the dose distributions of all the investigated treatment techniques
and machines in the high dose region. The photon beams had a nominal energy of MV and
static MLCs were used for the CyberKnife and the Elekta and Siemens linear accelerators,
whereas dynamic MLCs were used for the TomoTherapy and the Varian linear accelerators
(except for the 3DCRT irradiation).

5.4.2 Medium dose region (0.5 Gy–5 Gy)
In the intermediate dose region, the dose is mainly deposited by phantom
and collimator scatter radiation. Compared to the high dose region, col-
limator scatter is decreased and the phantom scatter becomes more dom-
inant. The amount of stray dose is, as in the high dose region, mainly de-
termined by the dose to the target volume and the collimator geometry
and not by the number of monitor units applied. In general, the dose
fall off was shallower compared to the high dose region, and the differ-
ences between the treatment techniques and machines were reduced as
can be seen in Figure 5.7. To quantify the dose in the intermediate dose
region, a logarithmically weighted mean dose was calculated, which ac-
counts for the nearly exponential dose fall off and is listed in Table 5.3.
Approximately, the same dose from the Varian 3DCRT, Varian IMRT, and
the TomoTherapy irradiations was measured in the medium dose range.
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The IMRT treatments using the Elekta and the Siemens linear accelerat-
ors showed a 15 % larger dose than the Varian IMRT. This could be ex-
plained by the shifted dose gradients of these plans. The measurement of
the Varian VMAT plan showed the lowest intermediate doses. This can
be explained by the reduced phantom scatter compared to the other treat-
ments, since VMAT usually has the smallest possible field sizes. The dose
from the flattening filter-free VMAT irradiation was 20 % higher. This dif-
ference could be due to the reduced beam energy of an unflattened beam,
leading to an increased cross section of Compton scattering. The highest
dose in this region was measured for the CyberKnife irradiation, as a dir-
ect consequence of the non-coplanar primary beams. The measurement of
the treatment at the Siemens Mevatron linear accelerator using the hard
wedges, showed a clear increase in dose compared to the 3D-conformal
irradiation without hard wedges. Already at distances about 10 cm from
the treatment field, the additional stray radiation from the hard wedges
can clearly be observed in the dose measurement.
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Figure 5.7: Dose distribution along the medial patient axis in the medium dose region for
all measured treatment techniques and machines. The photon beams had a nominal energy
of MV and static MLCs were used for the CyberKnife and the Elekta and Siemens linear
accelerators, whereas dynamic MLCs were used for the TomoTherapy and the Varian linear
accelerators (except for the 3DCRT irradiation).
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5.4.3 Low dose region (< 0.5 Gy)

For volumes in the low dose region, head leakage, and phantom scatter
contribute to the dose to the patient. For distances far away from the iso-
center, the dose to the patient is mostly determined by the amount of head
leakage. This is illustrated in Figure 5.8 where the dose remained nearly
constant for distances larger than 40 cm from the central axis. The dose
was higher for intensity-modulated treatments (with flattening filter) far
away from the isocenter, since the dose from head leakage is proportional
to the number of applied monitor units. However, as head leakage is only
a part of the dose from stray radiation in the low dose region, the mean
dose increase is not directly proportional to the monitor units. One ex-
ception was the IMRT administered with the Siemens linear accelerator,
which showed a much larger stray dose to monitor units ratio. The Cy-
berKnife treatment was applied with nearly 5 times the monitor units of
the 3D-conformal irradiation, resulting in 2.7 times the dose. When in-
tensity modulation was applied with flattening filter-free linear accelerat-
ors, head scatter, and leakage was obviously lower. The stray dose was
in these cases comparable to a static treatment, because the higher num-
ber of monitor units required for the intensity modulation was balanced
by the removal of the flattening filter. When hard wedges were used, the
number of monitor units was also larger when compared to an open field
irradiation (a factor of 2.2) and therefore the dose from stray radiation
was increased. In summary, static and flattening filter-free treatments de-
livered the lowest dose to the regions far away from the treatment field.
The investigated IMRT treatments resulted in a dose which scaled approx-
imately with the applied monitor units when compared to each other. On
the other hand, the stray dose from IMRT did not scale with monitor units
when compared to static treatments. Since CyberKnife treatments require
large amounts of monitor units, the resulting dose from stray radiation
was highest together with the static hard wedge treatment. The mean stray
dose values for this region are given in Table 5.3.

In clinical practise, a usual way to compare different treatment plans
in terms of stray dose is to compare the number of monitor units applied.
However, the presented measurements showed that depending on the po-
sition where the stray dose was determined, the influence of the number
of monitor units of the individual plan is not necessarily observable. As
discussed above for the three dose regions, the specific processes which
add together to the total stray dose have different sources depending on
the distance to the field edge. The dependence of collimator and phantom
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Figure 5.8: Stray doses far away from the treatment field for all treatment techniques and
machines measured in this study. The photon beams had a nominal energy of MV and
static MLCs were used for the CyberKnife and the Elekta and Siemens linear accelerators,
whereas dynamic MLCs were used for the TomoTherapy and the Varian linear accelerators
(except for the 3DCRT irradiation).

Treatment plan “High dose”
minimum dose

Gy

“Medium dose”
logarithmic

averaged dose
Gy

“Low dose”
mean dose

Gy

Accuray CyberKnife
Accuray TomoTherapy
Elekta IMRT
Siemens hard wedge
Siemens IMRT
Varian 3DCRT
Varian IMRT
Varian VMAT
Varian VMAT FFF

Table 5.3: Measured treatment plans and corresponding dose values in the different dose
regions. The stray dose is given per whole course of treatment. The photon beams had a
nominal energy of MV and static MLCs were used for the CyberKnife and the Elekta and
Siemens linear accelerators, whereas dynamic MLCs were used for the TomoTherapy and
the Varian linear accelerators (except for the 3DCRT irradiation).
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scatter on the number of monitor units is less pronounced compared to
the head leakage. Therefore, the effect of the number of monitor units of
a treatment is most obvious in the low dose region. The ratio of the stray
dose to the number of monitor units is mainly determined by the amount
of head leakage per monitor unit, which is machine dependent and thus
different for the linear accelerators investigated. In the region where the
collimator and phantom scatter are the main components of the stray dose,
the dose differences are bigger and the machine design is more import-
ant than the monitor units applied. Since intensity-modulated treatments
produce less phantom scatter than static treatments, the impact of the
number of monitor units on stray dose is more pronounced for IMRT. The
amount of intensity modulation will determine the location, relative to the
field edge, where the influence of the number of monitor units becomes
relevant for the stray dose. This is presumably closer to the treatment field
for intensity-modulated treatments compared to static irradiations.

Although the application of effective dose must be viewed with care
when applied to radiotherapy dose distributions, the net effect when com-
bining the three dose regions was also expressed in terms of effective dose
calculated outside the treated volume (Table 5.7). It can be seen that the
effective dose for IMRT treatments increases by 10 % to 30 % when com-
pared to 3D-conformal therapy, which is much lower than the monitor
unit scaled effective dose.

5.4.4 Comparison to neutron stray dose
The total stray dose to a patient can be divided into different contribu-
tions. For instance Ruben et al. [92] analysed the amount of stray dose
from internal scatter (phantom or patient), collimator scatter, and leakage
contributions of photon irradiations using 3DCRT and IMRT techniques
on a Varian linear accelerator. For high energy photon (> 10 MV) and
proton treatments, neutrons are produced in addition which contribute
to the total stray dose. In another study, the neutron dose equivalent for
various radiation qualities, treatment machines, and delivery techniques
was evaluated using the same treatment intention and phantom as in this
study [94] (chapter 3 of this thesis). This allowed a direct comparison of
the stray dose from neutrons and from 6 MV photons. The photon dose
from the 3D-conformal irradiations with and without hard wedges were
compared to the neutron dose equivalent from a photon irradiation using
a 3D-conformal plan with a nominal energy of 15 MV and from a treat-
ment with double scattered protons. The comparison of these doses along
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the medial patient axis is shown in Figure 5.9. It is clearly shown that
the neutron dose is well below the photon dose even far away from the
treatment field. When comparing the photon stray dose from the 6 MV
3DCRT irradiation to the neutron dose from the 15 MV 3DCRT irradiation,
the neutron dose was everywhere at least one order of magnitude lower
than the photon dose. Even the treatment with the highest neutron dose
in that study, the double scattered proton irradiation, resulted in a lower
neutron dose than the photon stray dose from the 3DCRT irradiation. Un-
fortunately, it was not possible to measure the photon stray dose for the
corresponding irradiations with the high energy photon beams. The de-
tector system used in this study was not capable of measuring the photon
stray dose in high energy photon beams, as the photo neutrons in these
mixed fields perform nuclear interactions with the Li present in the TLD
material, which would give an unpredictable contribution to the measure-
ment signal. This effect was reported before for TLD-100, which consist of
the same material but with a different doping than TLD-100H [95]. Com-
parisons of photon stray dose for different photon beam energies showed
that the stray dose for 6 MV and 15 MV was of the same order of mag-
nitude [79]. The neutron stray dose for a 15 MV photon beam, which is
plotted in Figure 5.9, was at least one order of magnitude lower than the
photon stray dose. This shows that the photon stray dose is the main con-
tribution to the total stray dose even far away from the field edge.

The investigation on the reproducibility showed a variation for dose
measurements of the reference TLDs with a maximum standard deviation
of 5 %. The maximum standard deviation was taken as the dose measure-
ment uncertainty which is a typical value for TLD-100H measurements.
The ratio of two repeated measurements of a complete treatment showed
a maximum deviation of 7 % (standard deviation of all TLDs), which is
consistent with the error of the ratio of two measurements with an un-
certainty of 5 % each. In addition to the statistical uncertainty, the repro-
ducibility measurement of a treatment plan includes also uncertainties in
the positioning of the phantom and the variation of the linear accelerator
output.

5.5 Conclusion
In this study, dose measurements using thermoluminescent dosimeters
were performed to assess the stray dose from typical treatments in radi-
ation therapy. The same treatment intention and measurement setup were
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Figure 5.9: Comparison of the stray dose along the medial patient axis measured in this
study (3DCRT technique with and without hard wedges) to the neutron dose equivalent
from irradiations with high energy photons (3DCRT on a Varian Clinac 21 iX with MV
photons) and with protons (double scattered proton irradiation at Massachusetts General
Hospital) for the same treatment intention and using the same phantom. The axis on the
left hand side shows the neutron dose equivalent, the axis on the right hand side the photon
stray dose. The neutron doses were taken from a study by Hälg et al. [94] (chapter 3 of this
thesis).

used to perform a comparison of dose distributions for different treat-
ment techniques and therapy machines. To our knowledge, this is the
most comprehensive comparison in the literature. This study shows that
modern techniques in radiation therapy can lead to doses from stray radi-
ation far away from the treatment field, which are comparable to the dose
from the well-established 3D-conformal radiotherapy technique. In par-
ticular, flattening filter-free techniques showed the lowest amount of stray
dose (Varian TrueBeam VMAT and helical TomoTherapy). The investig-
ated IMRT treatments resulted in doses which scaled approximately with
the applied monitor units when compared to each other. Whereas the
stray dose from IMRT did not scale with monitor units when compared to
static treatments. The use of hard wedges to modulate the photon fluence
leads to a considerable increase in dose from stray radiation (up to a factor
of 6). The stereotactic treatment with the CyberKnife showed the highest
amount of stray dose, although the prescribed dose for the whole course
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of treatment was less than for the other techniques.
It was also shown in this work that photon stray dose dominates out-

of-field dose for 15 MV irradiations. The neutron stray dose is an order of
magnitude lower than the out-of-field dose from photons.

The analysis of the measured dose outside the treatment field showed
considerable differences in the dose fall-off at the border of the field. The
observed differences were consistent with the dose distributions calcu-
lated by treatment planning systems and it can be concluded that plan
optimisation techniques can have a larger influence on the resulting dose
than differences due to particular treatment machines and delivery tech-
niques used. Considering that the intermediate and high dose regions are
of highest concern for the risk of induction of second cancers, this aspect
should be kept in mind when contemporary delivery techniques are ap-
plied.
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5.A Organ and Effective Doses
Lists of average organ doses and effective doses for the whole course of
treatment. The effective doses were calculated according to ICRP Report
No. 103 [26] without the dose from measurement points inside the beam
ports. The doses measured inside the beam ports were outside of the
scope of the linear no threshold model. The photon beams had a nom-
inal energy of 6 MV and static MLCs were used for the CyberKnife and
the Elekta and Siemens linear accelerators, whereas dynamic MLCs were
used for the TomoTherapy and the Varian linear accelerators (except for
the 3DCRT irradiation) (see Tables 5.4–5.7).

Organ Accuray
TomoTherapy

mGy

Elekta
IMRT
mGy

Siemens
IMRT
mGy

Varian
IMRT
mGy

Bladder
Bone
Brain and CNS
Colon
Female breast
Heart
Kidney
Liver
Lung
Mouth and pharynx
Oesophagus
Rectum
Remainder
Salivary gland
Skin
Small intestine
Stomach
Thyroid

Table 5.4: Intensity-modulated radiation therapy: Mean organ doses in mGy for the total
treatment dose of the complete course of treatment ( Gy).
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Organ Siemens
hard wedge

mGy

Varian
3DCRT
mGy

Bladder
Bone
Brain and CNS
Colon
Female breast
Heart
Kidney
Liver
Lung
Mouth and pharynx
Oesophagus
Rectum
Remainder
Salivary gland
Skin
Small intestine
Stomach
Thyroid

Table 5.5: 3D-conformal treatment technique, with and without hard wedges: Mean organ
doses in mGy for the total treatment dose of the complete course of treatment ( Gy).
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Organ Accuray
CyberKnife

mGy

Varian
VMAT
mGy

Varian
VMAT FFF

mGy

Bladder
Bone
Brain and CNS
Colon
Female breast
Heart
Kidney
Liver
Lung
Mouth and pharynx
Oesophagus
Rectum
Remainder
Salivary gland
Skin
Small intestine
Stomach
Thyroid

Table 5.6: Volumetric modulated arc therapies with and without flattening filter and ste-
reotactic CyberKnife: Mean organ doses in mGy for the total treatment dose of the complete
course of treatment (VMAT: Gy, CyberKnife: Gy).

Treatment technique Effective dose
mSv

Accuray CyberKnife
Accuray TomoTherapy
Elekta IMRT
Siemens hard wedge
Siemens IMRT
Varian 3DCRT
Varian IMRT
Varian VMAT
Varian VMAT FFF

Table 5.7: Effective doses for the whole course of treatment, calculated without the dose from
measurement points inside the beam ports for all therapy modalities investigated, given in
mSv.
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5.B Planning Guideline

Project: Impact of IGRT/neutron radiation on
secondary cancer incidence

Project Team: Roger A. Hälg, Contact: rhaelg@phys.ethz.ch
Jürgen Besserer and Professor Dr. Uwe Schneider

Participating
Institutes: Canton Hospital Aarau

Canton Hospital St. Gallen
Centre Hospitalier Universitaire Vaudois, Lausanne
City Hospital Triemli, Zurich
Massachusetts General Hospital, Boston
Paul Scherrer Institut, Villigen
Radiotherapie Hirslanden AG
University Hospital Zurich

Alderson Phantom Irradiation: Simulation of rhabdomyosarcoma of the
prostate

IMRT-treatment planning: prepare two plans with “low” and “high”
(> 10 MV) photon energy (TomoTherapy only one plan) or one plan with
protons, respectively. Number of fields variable. No planning-CT scan is
performed prior to the delivery of the plan.

5.B.1 Basic Planning Data for Import in Your TPS

Alderson CT-data set is provided in DICOM format on CD, including
structures (needed for planning). Please import data into your TPS.

5.B.2 Volumes

Volumes are already defined in the structure set. Planning-volumes are:

PTV2 PTV1_IMRT Bladder
Femoral head l Femoral head r Rectum

Please do not consider other drawn volumes for optimisation.
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5.B.3 Dose Constraints for Target and Critical Structures
IMRT dose optimisation should be performed considering the following
dose constraints. An integrated boost concept is used.

Dose prescription:
Boost volume: 𝐷 = 23 ⋅ 2.2 Gy = 50.6 Gy (TPS dose specification)
Low dose volume: 𝐷 = 23 ⋅ 1.7 Gy = 39.1 Gy

Target volumes:
PTV2: 98 % of volume should receive 95 % of 𝐷 (48.1 Gy)

Maximum dose < 54.1 Gy
PTV1_IMRT: 98 % of volume should receive 95 % of 𝐷 (37.1 Gy)

Risk volumes:
Bladder: 2 % of volume should receive no more than 50 Gy
Femoral head l: 50 % of volume should receive no more than 10 Gy

2 % of volume should receive no more than 25 Gy
Femoral head r: 50 % of volume should receive no more than 10 Gy

2 % of volume should receive no more than 25 Gy
Rectum: 50 % of volume should receive no more than 40 Gy

20 % of volume should receive no more than 50 Gy

5.B.4 Imaging
IGRT imaging should be planned for the Alderson phantom:

Plan “low”-energy: two setup fields (kV or MV images)
Plan “high”-energy: CBCT (kV or MV)
TomoTherapy: MV-CT

5.B.5 Beam Delivery
The Alderson phantom is brought to your institution. The irradiation is
performed by a person of your institution (machine handling) and a mem-
ber of the project team. Two separate appointments (one for each energy)
are needed (only one appointment for TomoTherapy).
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The Alderson phantom is irradiated twice for the “low”-energy treat-
ment plan and three times for the “high”-energy treatment plan. Ima-
ging dose, therapy dose, and neutron dose (twice) is measured separately.
Between two measurements, approximately one hour is needed in order
to prepare the phantom (new set of TLDs/PADC detectors must be placed
in the Alderson phantom). The phantom is positioned relative to the laser
system in the treatment room. The timetable for TomoTherapy is the same
as for the “low”-energy plan.

First appointment Second appointment
Plan “low”-energy Plan “high”-energy
Imaging: TLD-Set 1 Imaging: TLD-Set 1

Phantom preparation Phantom preparation
Therapy: TLD-Set 2 Neutrons: PADC Set 1

Phantom preparation
Neutrons: PADC Set 2

5.B.6 CT-Calibration Curve
We would like to inform you that you can use the default CT-calibration
of your planning system, since the dose error which is introduced by a
different calibration curve is negligible in the context of the KIRO project
measurements. However, if you would like to consider the right calibra-
tion curve from CT-Hounsfield-values to electron density and mass dens-
ity, you can find the calibrations for electron-density in Figure 5.10) and
mass-density in Figure 5.11.
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Figure 5.10: CT-calibration curve: electron density.

Figure 5.11: CT-calibration curve: mass density.
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5.B.7 Origin of the CT Data-Set
The Alderson phantom is optically marked on it’s surface (white markers
on phantom highlighted by red circles on Fig. 5.12) to adjust it relatively
to your laser system (no fiducial markers which are visible in the CT were
used). The origin of the CT-system corresponds to this marking. Unfortu-
nately, the CT-data-origin is probably not correctly imported during the
DICOM-RT import procedure into your system. It is important that you
set the CT-origin according to the images in Figures 5.13 and 5.14. The
green cross marks the CT-origin in the screen shots.

If for any reason for future measurements the Alderson phantom can-
not be positioned using a Laser system, please get in touch with us.

Figure 5.12: Markers for the laser system on the Alderson phantom.
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Figure 5.13: Screen shot for the position of the isocenter in the CT data-set.

Figure 5.14: Zoomed in screen shot for the position of the isocenter in the CT data-set.
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Chapter 6. Whole-Body Imaging Dose Distributions in IGRT

6.1 Introduction

New treatment modalities and further optimised delivery techniques in
radiation therapy are increasing the precision at which the radiation dose
can be applied to a cancer patient. Two examples are the introduction and
application of intensity-modulated radiation therapy (IMRT) and volu-
metric modulated arc therapy (VMAT). These modern radiotherapy treat-
ment techniques suggest an increase in cancer cure rates while simul-
taneously unwanted side effects can be reduced [84]. However, the full
benefit of these improvements can only be exploited if the accuracy of
the positioning of the target volume is guaranteed and the magnitude
of external and internal motion of the patient is minimised. Therefore,
more and more imaging modalities are used in the process of the pa-
tient setup to verify the correct position of the target structures before and
eventually during the treatment. Additional imaging devices are moun-
ted on the gantry or installed in the treatment room for these purposes.
Image-guided radiation therapy (IGRT) is defined as the combination of
imaging procedures in the treatment room and contemporary irradiation
techniques. Common imaging procedures for IGRT are cone beam com-
puted tomography (CBCT), kilovoltage planar imaging, stereoscopic ima-
ging, and portal imaging. An extensive list of imaging modalities used
in IGRT can be found in the report of the AAPM Task Group 75 [96].
The improved accuracy in patient positioning, however, results in addi-
tional dose contributions to the integral patient dose. Like the concomit-
ant dose produced by linear accelerator head leakage and stray dose, ima-
ging dose contributes to the dose burden inside and outside the treatment
area [97]. It has been shown that more imaging procedures have been in-
troduced to the treatment process over the past years [37] and as a direct
consequence, the concomitant dose has been increasing steadily. It is ex-
pected that the usage of imaging procedures will grow further, as modern
delivery techniques like IMRT are introduced to clinical routine. In addi-
tion, the concept of adaptive radiotherapy (ART) [98] is discussed, as the
availability of precise imaging modalities and deformable image registra-
tion is continuously increasing and the time needed by treatment planning
systems to calculate the dose distribution of a treatment plan is decreas-
ing [99]. The amount of exposure from imaging techniques to a patient
during the whole course of treatment in radiotherapy can include multiple
CT scans for treatment planning and replanning, fluoroscopic procedures
to estimate organ motion, and a series of inter- and intrafraction images
or CT scans using gantry-mounted devices for target verification. These
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additional doses from imaging procedures are in most cases only qualit-
atively monitored, if at all. This raises concerns for two reasons. Firstly
any additional dose to the patient increases the risk of radiation-induced
stochastic effects, in particular for younger patients. Secondly in the con-
text of dose escalation, the dose from imaging procedures could cause or
increase the severity of side effects from the cancer therapy treatment. It is
therefore essential to have tools to assess the cost and benefit of all doses
involved in image-guided radiation therapy, as the assumption that the
cumulative imaging dose is negligible compared to the therapeutic dose,
is not true anymore in general with the application of IGRT. To perform
risk analysis of radiation induced malignancies, it is important to assess
the complete dose distribution received by a radiotherapy patient, such
as the primary dose distribution, stray dose, and imaging dose as well as
possible secondary neutron dose contributions. Advances in cancer ther-
apy over the last few decades have resulted in longer survival times after
treatment, which gives the necessity to investigate the influence of the in-
tegral dose in terms of the long term health of cancer patients [7]. This
includes investigations on secondary cancer incidence.

To determine the imaging dose to organs at risk, measurements or
Monte Carlo simulations are necessary. There are several studies in the
literature, where imaging doses were measured and simulated [97, 100–
102]. Most studies focus on the imaging dose from CBCT procedures.
Comparative measurements were usually performed on single devices or
for devices installed at a specific linear accelerator. Direct comparisons
between different dosimetry studies are difficult, because the measure-
ment conditions and imaging intentions differ substantially.

The aim of this study was to measure absorbed dose from various ima-
ging modalities in an anthropomorphic phantom using the same meas-
urement setup and imaging intention. The doses from typical imaging
procedures involved in an IGRT treatment of a cancer patient were meas-
ured. The doses were determined with respect to geometrical and ana-
tomical considerations. The experimental setup, including the locations of
the measurement positions, was exactly the same as in a preceding study
of radiotherapy stray dose measurements. This allows a direct combina-
tion of imaging dose distributions with the therapy dose distribution.
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6.2 Materials and Methods

6.2.1 Treatment and Imaging Intention
The clinical treatment intention of this study was the curative irradiation
of a rhabdomyosarcoma of the prostate for an adolescent patient, repres-
ented by an anthropomorphic phantom. Therefore all imaging proced-
ures were configured to reproduce the pelvic region of the phantom. The
participating institutions were advised to choose the imaging protocol and
the device parameters as they would for a real patient with the same treat-
ment intention at their institution. The planning CT and the contouring
of the target structures and organs were performed at one institution. All
measurements and detector readouts were performed by the same per-
son. This procedure ensured the consistency of the measurements at the
different sites.

6.2.2 Imaging Modalities
The series of measurements in this study consisted of several imaging irra-
diations. The imaging modalities in conjunction with treatment machines
from the manufacturers Accuray (Accuray, Sunnyvale, CA, USA), Elekta
(Elekta AB, Stockholm, Sweden), Siemens (Siemens AG, Healthcare Sec-
tor, Erlangen, Germany), and Varian (Varian Medical Systems, Palo Alto,
CA, USA) were investigated. The gantry- or room-mounted devices used
for imaging were the Target Locating System from Accuray, the X-ray
Volume Imager (XVI) from Elekta, the On-Board Imager (OBI), and the
TrueBeam X-Ray Imaging System (XI) from Varian. The imaging tech-
niques investigated on these treatment machines were kilo- and mega-
voltage cone beam computed tomography, megavoltage fan beam com-
puted tomography, kilovoltage planar imaging, stereoscopic kilovoltage
imaging, and megavoltage portal imaging. Further measurements were
performed using a GE LightSpeed RT 16 CT scanner (GE Healthcare, Little
Chalfont, UK), including dose measurements of a 3D planning CT (3DCT)
and a time-resolved planning CT (4DCT) for respiratory gating. On an-
other CT scanner (GE HiSpeed DX/i CT Scanner), the imaging dose res-
ulting from kilovoltage scout views was determined. The different meas-
urements were performed at the Canton Hospital Aarau, Aarau, Switzer-
land (Siemens Oncor Avant-Garde), Canton Hospital St. Gallen, St. Gallen,
Switzerland (Elekta Synergy with XVI), Centre Hospitalier Universitaire
Vaudois, Lausanne, Switzerland (Accuray TomoTherapy), Paul Scherrer
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Imaging device Investigated imaging technique

Accuray CyberKnife Stereoscopic kV planar images
Accuray TomoTherapy MV fan beam CT
Elekta Synergy MV portal images
Elekta XVI kV CBCT
GE LightSpeed RT 16 kV fan beam CT, 3D and 4D
GE HiSpeed DX/i CT scout views
Siemens Oncor Avant-Garde MV CBCT and portal images
Varian Clinac iX MV portal images
Varian OBI kV CBCT and planar images
Varian TrueBeam XI kV CBCT

Table 6.1: Imaging devices used and the corresponding imaging techniques measured in
this study. The machine parameters and settings for each imaging modality can be found in
Appendix 6.B.

Institut, Villigen, Switzerland (GE HiSpeed DX/i CT Scanner), Radiother-
apie Hirslanden AG, Aarau, Switzerland (GE LightSpeed RT 16 CT scan-
ner and Varian Clinac 21 iX with OBI), Radiotherapie Hirslanden AG,
Zurich, Switzerland (Accuray CyberKnife with Target Locating System),
and University Hospital Zurich, Zurich, Switzerland (Varian TrueBeam
with XI). An overview of all imaging devices involved and the correspond-
ing investigated imaging techniques is given in Table 6.1.

6.2.3 Phantom and Detectors
In order to asses and evaluate the imaging dose and to account for the pa-
tient anatomy, an anthropomorphic Alderson-Rando phantom (RSD Ra-
diology Support Devices, Long Beach, CA, USA) was used. The phantom
consisted of 35 transversal slabs, made of material that was tissue equi-
valent for photon beams and every slab contained holes for detectors.
The dose measurements were performed using thermoluminescent do-
simeters (TLDs) placed inside the Alderson-Rando phantom. The dosi-
meters had the form of disks with a diameter of 4.50 mm and a thickness
of 0.60 mm. This geometry allowed to position the detectors directly in
the phantom slabs without casing. The trading name of the detectors was
TLD-100H (Thermo Fisher Scientific, Waltham, MA, USA) and they were
made of lithium fluoride (∼ 7.5 % Li) and doped with magnesium, cop-
per, and phosphorus (LiF:Mg,Cu,P). The useful dose range of the dosimet-
ers was 1 µGy to 20 Gy according to the manufacturer. The positions of the
detectors were chosen to determine the dose profile along the medial pa-
tient axis from the target (in the prostate) to the head and to assess the
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dose in different organs. The radiation sensitive organs were determined
according to the ICRP recommendations [26]. A total of 184 measurement
positions were selected in the phantom, facilitating the determination of a
three-dimensional dose distribution. The doses were determined in terms
of absorbed dose to water.

6.2.4 Detector Calibration
The dosimeters were calibrated using the 6 MV beam of a Varian Clinac 21
iX and a RW3 solid water slab phantom (PTW, Freiburg, Germany). Meas-
urements in a water tank were used to find a combination of field size and
depth in the phantom which gave a dose profile as flat as possible (field
size: 25 × 25 cm , depth: 14.7 cm, dose variation: ±0.5 %). The measure-
ment TLDs were irradiated inside the primary field in batches of 50 detect-
ors with a dose of about 22 mGy. The batches were placed in the solid wa-
ter phantom inside a PMMA casing. The calibration dose was determined
by ionisation chamber measurements (Farmer Ionization Chamber, PTW,
Freiburg, Germany) at the position of the PMMA casing. One batch of
16 TLDs was used for the evaluation of the background/transport signal.
They were calibrated in the same way as the measurement dosimeters, but
were not irradiated intentionally during an imaging measurement. Each
detector batch contained four reference dosimeters, which were irradiated
with a reference dose (∼ 22 mGy) for each measurement.

For each TLD, a calibration factor in terms of dose per reader count was
determined by performing a calibration measurement two to three days
before every measurement. These dose calibration factors (DCF) were de-
termined using Equation (6.1),

𝑘 = 𝑑
𝐶 , (6.1)

where 𝑘 was the raw DCF of the 𝑖 TLD, 𝑑 was the calibration
dose determined by the ionisation chamber measurement, and 𝐶
was the raw number of counts from the detector readout.

The reader counts were then corrected for the background signal ac-
cording to Equation (6.2) considering the sensitivity variation between the
background dosimeters and the dosimeter of interest

𝐶 = 𝐶 −
𝑘
𝑘 ⋅ 𝐶 , (6.2)
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where 𝐶 were the corrected reader counts of the 𝑖 TLD for the cal-
ibration measurement, 𝑘 was the mean raw dose calibration factor
of all the background dosimeters, and 𝐶 were the mean reader counts
of all the background dosimeters from the corresponding measurement
irradiation.

These corrected counts 𝐶 were used in Equation (6.1) instead of the
raw reader counts 𝐶 to determine the final dose calibration factor
(𝑘 ) for each dosimeter and calibration.

A microprocessor-controlled annealing procedure in a dedicated oven
(Fimel ETT Annealing Oven, PTW, Freiburg, Germany) was applied to all
the TLDs after each readout. They were placed in a metallic container, in
the same batches as for calibration. A linear heating ramp (∼ 35 °C min− )
up to 240 °C was used. The TLDs were kept at this maximum temperat-
ure for 10 min before they were cooled down in the oven to 50 °C with a
constant cooling rate (∼ 5 °C min− ).

6.2.5 Detector Readout
For the readout of the dosimeters, a Fimel PCL3 isothermal TLD reader
(PTW, Freiburg, Germany) was used. This reader had two isothermal
heating zones, one for preheating and one for the actual readout of the
dosimeters. The preheating and readout temperatures were 100 °C and
240 °C, respectively. Each TLD was placed in a metallic cupel for the
automated readout procedure. The same batches for the calibration were
used to load the stack of the reader. The signal of the dosimeters was de-
termined in terms of collected photomultiplier charge for 30 s during the
readout of the TLDs.

Manufacturer recommended optical filters were available for the TLD
reader to adapt the dynamic range of the photomultiplier to the light sig-
nal of the TLDs and, therefore, to the measured dose. A blue filter with
the smallest available light absorption was applied to the readout of all
the TLD batches to maximise the lowest measurable dose.

The reference dosimeters of each batch were used to correct for the
daily variation in the output of the TLD reader and to account for a pos-
sible drift in the output during one readout cycle. Therefore, two of the
four reference dosimeters were read out at the beginning of the batch and
two at the end. The values of the dose per count from the reference ir-
radiation relative to the values from the corresponding calibration were
used to calculate the sensitivity of the readout at the beginning and at the
end of the readout cycle. A linear interpolation between these two values
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(𝑘 ) was used to correct the readout of the TLDs used for measurement
in that batch. The mean correction factor for the daily variation was 1.00
and the maximum correction was 4 %. The drift correction 𝑘 during
the readout of one batch had a mean value of 2 % and a maximum of 7 %
over all measurements.

6.2.6 Dose Determination
The measured dose of each dosimeter was calculated by means of Equa-
tion (6.3), where the above mentioned calibration and correction factors
were applied and the background signal was subtracted

𝐷 = 𝑘 ⋅ 𝐶 − 𝑘 ⋅ 𝐶 ⋅ 𝑘 , (6.3)

where 𝐷 was the determined absorbed dose to water of the 𝑖 TLD, 𝑘
and 𝑘 were the background corrected DCF from the corresponding cal-
ibration, 𝐶 were the reader counts from the measurement, and 𝑘 was
the linear interpolation of the drift correction for the 𝑖 readout position
in the cycle.

6.2.7 Energy Correction
The readout signal of thermoluminescent dosimeters depends on the en-
ergy of the impinging photons. Therefore, the measured dose depends on
the photon spectrum at the measurement position. For measurements of
photon dose from radiotherapy or imaging procedures, this could lead to
differences in the measured dose depending on the position of the meas-
urement in the phantom and of the radiation source. The energy de-
pendent response of the thermoluminescent material used in this study
(LiF:Mg,Cu,P) was investigated by several groups [86–89]. Monte Carlo
simulations of photon spectra for kilovoltage photon beams produced by
gantry-mounted imaging devices were performed by Ding et al. [103] and
Ding and Coffey [104] for the Varian OBI and by Downes et al. [105] for
the Elekta XVI.

In order to analyse the impact of the difference of the energy spectrum
used for calibration and the spectra of the imaging modality on the dose
measurements in this study, the estimated detector response relative to
the calibration response was calculated. The photon spectra simulated by
Ding et al. [103] for different peak energies were used. The energy re-
sponse curve of LiF:Mg,Cu,P thermoluminescent material measured by
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Edwards et al. [88] in quasi monoenergetic low energy photon beams was
convolved with these photon spectra. A reduction of the TLD response
by 1 %, 5 %, 9 %, 9 %, 12 %, and 11 % relative to the calibration response in
the 6 MV photon beam was calculated for spectra with peak energies of
80 kV, 100 kV, 120 kV, 125 kV, 125 kV with half bow tie filter, and 125 kV
with full bow tie filter, respectively. It was therefore decided to use a cor-
rection factor for the energy dependent response of the TLDs of 1.0 for
the imaging procedure using a peak energy of 75 kV (Varian kV planar
AP), a correction factor of 1.05 for the peak energies 100 kV and 110 kV
(Varian CBCT high-quality head and Varian CBCT low-dose thorax), and
a correction factor of 1.1 for the higher beam energies in the kV range. The
energy dependent response correction factor for MV photon beams was
determined in another study by Hälg et al. [81] (chapter 5 of this thesis)
where the stray dose from radiation therapy treatments was measured us-
ing the same thermoluminescent material. For the in-field measurements,
no correction was needed and for the measurement positions outside of
the treated volume, a correction factor of 1.1 was determined. The ob-
tained correction was adapted in this study for the imaging measurements
using megavoltage photon beams and for the calibration of the detectors.

6.2.8 Angle Correction
The angular dependency of the TLD readout signal was investigated by
Dong et al. [106] for photon beams in the imaging energy regime. They
found a maximal reduction of about 10 % in the response for an irradiation
angle of 90°. For angles below 60°, the reduction in the response was be-
low 5 %. It was therefore decided to use a correction factor of 1.1 for all
the imaging modalities using kilovoltage photon beams inside the treated
volume, where the irradiation source has an angle of about 90° towards
the orientation of the TLDs in the phantom. No correction was applied
for the measurement positions outside of the treated volume, as the main
contribution to the dose was from phantom scatter, which had a clearly
smaller angle of incidence than 60° relative to the TLD orientation. For
the imaging procedures using megavoltage beams, no correction for the
angular dependency of the TLD response was applied.

6.2.9 Dose Linearity
The linearity of the dose response of the TLD readout signal was checked
with a randomly selected subset of the dosimeters within the primary
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beam of the Varian Clinac 21 iX. A least-squares fit to the measured doses
over the whole dose range of this study (250 µGy–0.5 Gy) showed a slope
of 1.04 ionisation chamber dose/TLD dose and an intercept of −0.21 mGy
ionisation chamber dose, with a corresponding 𝑅 of 0.9999. The quality
of the fit indicated a linear behaviour of the TLD signal with dose and,
therefore, no correction for non-linearity was applied.

6.2.10 Measurement Reproducibility
In order to investigate the long term stability of the TLD readout and to es-
timate the reproducibility of the dose measurements, the readout signal
per applied dose of the reference TLDs was analysed for all the calibra-
tion and reference irradiations. The reproducibility of a complete imaging
measurement was checked by repeating the measurement of the CBCT
pelvis spot light protocol using the Varian OBI and by comparing the de-
termined dose for every measurement position.

6.3 Results
The reproducibility of the dose measurement was determined from re-
peated measurements with the reference dosimeters. The readout signal
per applied dose was determined for all the calibration and reference ir-
radiations. The standard deviation was calculated for each of the 20 ref-
erence TLDs for a total of 47 irradiations. The mean standard deviation
of all the reference TLDs was 5 % with minimum and maximum of 2 %
and 9 %, respectively. In Figure 6.1, the distribution of the readout signal
per applied dose normalised to the mean value of each TLD, is shown in
a box-and-whisker plot for the 20 reference TLDs.

To investigate the reproducibility of a complete imaging measurement,
the measurement for the CBCT using the pelvis spot light protocol on the
Varian OBI was repeated. The mean value of the relative doses and the
standard deviation were 0.97 ±0.05.

The dose from the different imaging modalities was measured on the
medial patient axis with 34 detectors spaced by 2.5 cm. The following fig-
ures show this dose profile from the isocenter in the prostate (𝑥 = 0 cm)
up to the head (𝑥 = 82.5 cm) for different imaging procedures.

Figure 6.2 shows a semi-logarithmic comparison of the imaging dose
per scan along the medial patient axis for different CBCT protocols on
the Varian OBI device. The protocols pelvis, pelvis spot light, low-dose
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Figure 6.1: Reproducibility of the reference TLDs for all the calibration and reference
irradiations ( in total). The TLD signal per dose normalised to the mean value of each
TLD is shown in a box-and-whisker plot.

thorax, and high-quality head were measured, respectively. Although
these protocols were intended to image different anatomical regions, the
scans were applied to the target structure in the prostate to compare the
dose for the different settings. On the left, the absorbed dose is shown per
CBCT scan. On the right, the dose is plotted relative to the dose of the
pelvis protocol.

The dose on the medial patient axis from different computed tomo-
graphy imaging devices from the linear accelerator manufacturers Elekta,
Siemens, and Varian and from a TomoTherapy unit are shown in Fig-
ure 6.3. On the left-hand side, the absorbed dose is plotted per scan for
the pelvis protocols. For the Elekta and Varian (Clinac 21 iX and True-
Beam) linear accelerators, the beams for the scan were produced by ad-
ditional imaging devices mounted on the gantry and used kilovoltage
photon beams. The Siemens linear accelerator used the 6 MV therapy
beam to acquire the CBCT, whereas the TomoTherapy unit used the mega-
voltage therapy photon beam with reduced energy for the fan beam ima-
ging procedure. To correct for a systematic misalignment of the isocenter
on the Elekta linear accelerator during the measurement, this curve was
shifted by −0.5 cm. The relative dose distribution compared to the Varian
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(a) Varian CBCT protocols
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(b) Varian CBCT protocols relative
Figure 6.2: Dose distribution along the medial patient axis. The isocenter corresponds to

= cm and the vertical lines represent the border of the target volume along this axis.
(a) Imaging dose per scan for the CBCT protocols pelvis, pelvis spot light, low-dose thorax,
and high-quality head on the Varian OBI applied to the same anatomical region. (b) Dose
relative to the pelvis protocol.
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CBCT is plotted on the right-hand side.
Two planning CT procedures and for comparison a CBCT procedure

using a gantry-mounted device is depicted in Figure 6.4. In addition to the
conventional 3D computed tomography acquisition for treatment plan-
ning purposes, a 4DCT protocol with respiratory gating was measured.
The left graph shows the dose per scan and on the right-hand side, the
dose is plotted relative to the dose of the CBCT procedure.

Dose measurements of planar images for patient setup are depicted in
Figure 6.5. Imaging doses from the Varian On-Board Imager are shown for
anterior-posterior and lateral planar acquisitions, as well as from stereo-
scopic images (“Live Image”) used at the CyberKnife and from a combin-
ation of a frontal and a sagittal scout view of the GE HiSpeed CT scanner
are given. The shown procedures all used photon beams in the kilovoltage
energy range (see Appendix 6.B). For the stereoscopic Live Images at the
CyberKnife, the dose is given per acquisition, which corresponds to two
images.

The measured dose from treatment beam verification imaging proced-
ures is given in Figure 6.6. The verification images were acquired using
portal vision detectors mounted on the gantry and the dose to the patient
was measured at linear accelerators of the manufacturers Elekta, Siemens,
and Varian. For the Elekta linear accelerator, images in anterior-posterior
and lateral direction using both a double exposure technique were meas-
ured together. Two images at the Siemens linear accelerator in anterior-
posterior and lateral direction were combined for the measurement of the
imaging dose. Only one image in anterior-posterior direction was meas-
ured at the Varian treatment machine.

Each of the 184 dosimeters used for the determination of imaging dose
was assigned to an organ structure in the Alderson-Rando phantom. This
organ assignment was used to calculate mean organ doses. A comparison
of the resulting organ doses for gantry-mounted CBCT procedures using
the Varian OBI is listed in Table 6.5 of Appendix 6.A. The mean organ
doses of the devices used for computed tomography for different manu-
facturers of treatment machines are presented in Table 6.6. In Table 6.7,
the imaging doses from the planning CTs are compared in terms of the
mean organ doses. The mean organ doses from planar imaging proced-
ures using kilovoltage and megavoltage photon beams are summarised in
Tables 6.8 and 6.9 of Appendix 6.A.

The effective dose resulting from all imaging procedures was calcu-
lated according to the ICRP Report No. 103 [26] and are listed as effective
dose per scan or image in Table 6.2.
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(a) Gantry-mounted CT
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(b) Gantry-mounted CT relative
Figure 6.3: Dose distribution along the medial patient axis. The isocenter corresponds to

= cm and the vertical lines represent the border of the target volume along this axis.
(a) Imaging dose for different computed tomography imaging devices installed on linear
accelerators using the pelvis protocols. (b)Dose relative to the Varian CBCT measurement.
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(a) Planning CT
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(b) Planning CT relative
Figure 6.4: Dose distribution along the medial patient axis. The isocenter corresponds to

= cm and the vertical lines represent the border of the target volume along this axis.
(a) Imaging dose per scan of a planning CT, a time-resolved planning CT, and a Varian CBCT
procedure using the pelvis protocols. (b) Imaging dose relative to the Varian CBCT dose.
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(a) Planar kV imaging
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(b) Planar kV imaging relative
Figure 6.5: Dose distribution along the medial patient axis. The isocenter corresponds to

= cm and the vertical lines represent the border of the target volume along this axis.
(a) Imaging dose per image acquisition for different planar imaging devices using kV photon
beams. (b) Imaging dose relative to the Varian OBI planar AP dose.
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(a) Planar MV imaging
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(b) Planar MV imaging relative
Figure 6.6: Dose distribution along the medial patient axis. The isocenter corresponds to

= cm and the vertical lines represent the border of the target volume along this axis.
(a) Imaging dose per image for different portal imaging devices using MV therapy photon
beams. (b) Imaging dose relative to the dose of a Varian portal AP image.
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Imaging procedure Effective dose
total
mSv

Effective dose
outside

mSv

Varian kV CBCT pelvis
Varian kV CBCT pelvis spot light
Varian kV CBCT low-dose thorax
Varian kV CBCT high-quality head
Varian TrueBeam kV CBCT pelvis
Elekta kV CBCT pelvis
Siemens MV CBCT pelvis
TomoTherapy MV CT pelvis
GE LightSpeed planning 3DCT
GE LightSpeed planning 4DCT
GE HiSpeed Scout view
CyberKnife kV Life Image
Varian kV planar AP
Varian kV planar LAT
Elekta MV portal
Siemens MV portal
Varian MV portal

Table 6.2: Effective doses per scan or image for all imaging modalities investigated, given
in mSv. Second column lists the effective dose for all measurement positions and the third
column the effective dose only for the measurement positions outside of the treated volume.

6.4 Discussion
The investigation on the reproducibility using the reference TLDs showed
a variation for dose measurements with a mean standard deviation of 5 %.
The ratio of two repeated measurements of a complete imaging procedure
showed also a deviation of 5 % (standard deviation of all TLDs), which is
lower than the error of the ratio of two measurements with an uncertainty
of 5 % each. In addition to the statistical uncertainty, the reproducibility
measurement of an imaging procedure, included also uncertainties in the
positioning of the phantom. Therefore, the mean standard deviation was
taken as the dose measurement uncertainty.

One of the most important questions in the discussion of IGRT is the
dose induced by the applied imaging modalities. Usually the effective
dose from the imaging modalities is determined and the resulting risk for
the patient is estimated. In our opinion, the imaging dose should be also
viewed in relation to the stray dose from therapy, which is an unavoid-
able consequence of the patient treatment. Therefore, the effective dose
was also determined without the dose from measurement points inside
the beam ports from therapy (<5 Gy), which is listed as the third column
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in Table 6.2. This effective dose from imaging procedures can now be com-
pared directly to the effective dose from the therapeutic stray dose, which
was measured in another study by Hälg et al. [81] (chapter 5 of this thesis).
Whole-body dose distributions for various treatment machines and de-
livery techniques were measured using the same treatment intention and
phantom as in this study. As an example, the dose of an IMRT irradiation
was compared in Figure 6.7 to a cone beam computed tomography using a
pelvis protocol, a megavoltage portal AP image, and a kilovoltage planar
AP image at the Varian Clinac 21 iX. The dose is plotted on the left-hand
side for one scan or image of each imaging modality together with the dose
of one fraction of the treatment irradiation. It is obvious that all the ima-
ging procedures deposited in the phantom at least an order of magnitude
less dose than the treatment itself. The kilovoltage cone beam computed
tomography had the highest dose contribution from the imaging proced-
ures, followed by the megavoltage portal image. The kilovoltage planar
imaging procedure contributed the smallest amount of dose. The field-of-
view of imaging modalities were larger than the target volume. Therefore,
the additional dose relative to the therapeutic stray dose was largest close
to the target volume for all imaging procedures.

The resulting effective dose from radiotherapy treatment irradiations
and imaging procedures determined outside of the treated volume is lis-
ted in Tables 6.3 and 6.4. For a given treatment machine and irradiation
technique, typical imaging modalities are shown with the correspond-
ing effective dose. The effective dose for the therapeutic stray dose is
given for the complete treatment course (3D-conformal treatment with
and without hard wedges: 26 × 2.0 Gy, IMRT and VMAT: 23 × 2.2 Gy, Cy-
berKnife: 5 × 5.8 Gy). The planning CT dose is listed for one scan per treat-
ment course, the setup imaging dose is given for daily application and the
verification imaging was assumed to be applied once per week in double
exposure mode for a typical four field treatment plan. In the third column
of Tables 6.3 and 6.4, the imaging dose is given in percentage of the thera-
peutic stray dose for a complete IGRT treatment course.

A conventional 3D planning CT resulted in an additional effective dose
of less than 1 % outside of the treated volume. In our opinion, this increase
in the total dose to the patient is negligible in terms of additional cancer
risk. The situation was different, if gating methods were used for obtain-
ing a CT scan. A 4D planning CT resulted in a 10 times larger dose than a
3D planning CT and thus increased the effective dose to the patient out-
side of the treated volume by 10 % compared to the therapeutic stray dose.

For the patient setup, several imaging modalities can be used. A daily
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(a) Stray dose comparison therapy vs imaging
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(b) Stray dose comparison therapy vs imaging relative
Figure 6.7: Comparison of the dose along the medial patient axis deposited by one scan or
image of the imaging procedures CBCT pelvis protocol, megavoltage portal AP images, and
kilovoltage planar AP images at the Varian Clinac iX relative to the dose from one fraction
of an IMRT irradiation. In (a), the absolute dose is plotted, whereas in (b), the additional
relative dose from the imaging procedure compared to the therapeutic stray dose is shown.
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Treatment technique
Imaging procedure

Effective dose
mSv

Additional dose
%

Varian 3DCRT
Varian kV CBCT pelvis
Varian kV CBCT pelvis spot light
Varian kV CBCT low-dose thorax
Varian kV CBCT high-quality head
Varian kV planar setup
Varian MV portal verification
GE LightSpeed planning 3DCT

Varian IMRT
Varian kV CBCT pelvis
Varian kV CBCT pelvis spot light
Varian kV CBCT low-dose thorax
Varian kV CBCT high-quality head
Varian kV planar setup
GE LightSpeed planning 3DCT
GE LightSpeed planning 4DCT

Varian VMAT
Varian kV CBCT pelvis
Varian kV CBCT pelvis spot light
Varian kV CBCT low-dose thorax
Varian kV CBCT high-quality head
Varian kV planar setup
GE LightSpeed planning 3DCT
GE LightSpeed planning 4DCT

Varian TrueBeam VMAT FFF
Varian TrueBeam kV CBCT pelvis
GE LightSpeed planning 3DCT
GE LightSpeed planning 4DCT

Table 6.3: Effective doses per total course of treatment, calculated without the dose from
measurement points inside the beam ports for Varian treatment machines and imaging mod-
alities, given in mSv. The effective doses for the treatments were taken from another study
using the same measurement setup as in this work [81] (see chapter 5). The additional dose
from the specific imaging modality to the therapy dose is given in percentage. The listed
imaging procedures were applied once per fraction, except for the planning CT scans (once
per series) and the portal verification images (once per week, four fields, double exposure).

setup of the patient with two planar kilovoltage images resulted in an ad-
ditional dose of less than 0.5 %. When megavoltage radiation was used in-
stead of kilovoltage radiation for planar setup images, the dose was about
10 times larger. A fan beam CT at a TomoTherapy unit for daily posi-
tioning, resulted in only about 1 % additional dose. On the other hand, a
megavoltage CBCT can result in a 30 times larger dose when compared
to a fan beam megavoltage CT. This difference can be explained by the
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Treatment technique
Imaging procedure

Effective dose
mSv

Additional dose
%

CyberKnife
CyberKnife kV Life Image
GE LightSpeed planning 3DCT
GE LightSpeed planning 4DCT

Elekta IMRT
Elekta kV CBCT pelvis
GE LightSpeed planning 3DCT
GE LightSpeed planning 4DCT

Siemens hard wedge
Siemens MV portal verification
GE LightSpeed planning 3DCT

Siemens IMRT
Siemens MV CBCT pelvis
Siemens MV portal setup
GE LightSpeed planning 3DCT
GE LightSpeed planning 4DCT

TomoTherapy
TomoTherapy MV CT pelvis
GE LightSpeed planning 3DCT

Table 6.4: Effective doses per total course of treatment, calculated without the dose from
measurement points inside the beam ports for different treatment machines and imaging
modalities, given in mSv. The effective doses for the treatments were taken from another
study using the same measurement setup as in this work [81] (see chapter 5). The additional
dose from the specific imaging modality to the therapy dose is given in percentage. The
listed imaging procedures were applied once per fraction, except for the planning CT scans
(once per series), the stereoscopic images at the CyberKnife (57 images per fraction), and the
portal verification images (once per week, four fields, double exposure).

shorter scan length which is possible with a fan beam CT compared to
the cone beam geometry and the excellent shielding of the TomoTherapy
unit [107]. Using kilovoltage radiation to obtain CBCT scans resulted in a
slightly lower dose in the range of 5 % to 30 % additional dose. For a typical
CyberKnife treatment without tracking, about 50 kilovoltage images are
applied during one fraction of the treatment, leading to a dose deposition
of an additional 10 % to the therapeutic stray dose. If tracking techniques
are used for a CyberKnife treatment, the number of images can be as large
as 400 and therefore the imaging dose can contribute 50 % in addition to
the treatment stray dose. In summary, setup imaging using daily kilo-
voltage planar or TomoTherapy megavoltage fan beam CT imaging only
slightly increases the dose to the patient and can be used as a standard pro-
cedure in clinical routine. Daily kilovoltage and megavoltage CBCT setup
imaging should be applied on an individual or indication based protocol.
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If a treatment verification is performed for a typical 3D-conformal four
field treatment plan once per week using double exposure technique, an
additional dose of up to 20 % is deposited in the patient. It is interesting to
note that the dose deposited by such a non-IGRT treatment is comparable
to the dose from an IGRT treatment with daily CBCT setup. The reason for
this is that the daily CBCT dose is balanced by the dose from the weekly
verification images.

The comparison of effective dose presented in this discussion are based
on the measurements performed for the curative irradiation of a rhab-
domyosarcoma of the prostate. For other treatment intentions and ana-
tomical regions, the influence of the different imaging modalities on the
additional dose could be different.

6.5 Conclusion
In this study, dose measurements using thermoluminescent dosimeters
were performed to assess and evaluate whole-body imaging dose distri-
butions from typical imaging procedures in image-guided radiation ther-
apy. From these measurements, average organ doses were determined
and the corresponding effective dose was calculated according to ICRP
Report No. 103 [26]. The effective dose from imaging was compared to
the effective dose resulting from therapeutic stray radiation outside of the
treatment volume, taken from a study by Hälg et al. [81] (chapter 5 of
this thesis) where the same treatment intention and measurement setup
were used. It was found that daily kilovoltage planar imaging and Tomo-
Therapy megavoltage fan beam CT for patient setup results in very low
additional dose to the patient. The dose from cone beam computed tomo-
graphy (kilovoltage or megavoltage beams) varies between 5 % (8 mSv)
and 30 % (46 mSv) of imaging dose additionally to the treatment stray
dose. The dose burden from typical planning CT scans is small (about
1 mSv or 1 % of the therapeutic stray dose), however, when gating meth-
ods are employed to obtain the CT scan, the dose can be 10 times larger and
the dose increase is in the order of 10 % (10 mSv) compared to the thera-
peutic stray dose. A complete VMAT treatment course including a plan-
ning CT and daily kilovoltage planar setup imaging, reduces the effective
dose by around 7 % (8 mSv) when compared to a non-IGRT treatment us-
ing four fields, a planning CT, and weekly treatment verification images.
If the same VMAT treatment is administered with daily cone beam com-
puted tomography instead of planar images, the effective dose is increased
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by 17 % (20 mSv) compared to the non-IGRT treatment. It can be therefore
concluded that the additional dose burden for patients treated with IGRT
is lower than usually assumed, when the contributions to the dose outside
of the treatment volume from all sources are included.
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6.A Organ doses
Lists of average organ doses for the imaging modalities investigated, given
as dose per image or per scan, respectively. (Tables 6.6–6.9)

Organ Pelvis

µGy

Pelvis
spot light

µGy

Low-dose
thorax
µGy

High-quality
head
µGy

Bladder
Bone
Brain and CNS
Colon
Female breast
Heart
Kidney
Liver
Lung
Mouth and pharynx
Oesophagus
Rectum
Remainder
Salivary gland
Skin
Small intestine
Stomach
Thyroid

Table 6.5: Different CBCT imaging protocols at the Varian OBI: Mean organ doses in µGy
per scan.
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Organ Elekta
kV CBCT

µGy

Siemens
MV CBCT

µGy

TomoTherapy
MV CT

µGy

TrueBeam
kV CBCT

µGy

Bladder
Bone
Brain and CNS
Colon
Female breast
Heart
Kidney
Liver
Lung
Mouth and pharynx
Oesophagus
Rectum
Remainder
Salivary gland
Skin
Small intestine
Stomach
Thyroid

Table 6.6: Computed tomography devices mounted on treatment machines: Mean organ
doses in µGy per scan.
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Organ GE LightSpeed
planning CT

µGy

GE LightSpeed
planning 4DCT

µGy

Bladder
Bone
Brain and CNS
Colon
Female breast
Heart
Kidney
Liver
Lung
Mouth and pharynx
Oesophagus
Rectum
Remainder
Salivary gland
Skin
Small intestine
Stomach
Thyroid

Table 6.7: 3D- and 4DCT for treatment planning: Mean organ doses in µGy per scan.
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Organ CyberKnife
Live Image

µGy

GE HiSpeed
scout view

µGy

Varian OBI
planar AP

µGy

Varian OBI
planar LAT

µGy

Bladder
Bone
Brain and CNS
Colon
Female breast
Heart
Kidney
Liver
Lung
Mouth and pharynx
Oesophagus
Rectum
Remainder
Salivary gland
Skin
Small intestine
Stomach
Thyroid

Table 6.8: Different planar kV imaging modalities for patient positioning: Mean organ doses
in µGy per image.
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Organ Elekta
portal AP+LAT
double exposure

µGy

Siemens
portal AP+LAT

µGy

Varian
portal AP

µGy

Bladder
Bone
Brain and CNS
Colon
Female breast
Heart
Kidney
Liver
Lung
Mouth and pharynx
Oesophagus
Rectum
Remainder
Salivary gland
Skin
Small intestine
Stomach
Thyroid

Table 6.9: Different MV portal imaging modalities: Mean organ doses in µGy per image.
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6.B Imaging procedure settings
List of the settings of all the imaging modalities investigated.

Cone beam computed tomography
• Varian OBI CBCT pelvis protocol

Voltage: 125 kV, Current: 80 mA, Pulse width: 13 ms
Blades: X1 6.8 cm, X2 23.5 cm, Y1 10.3 cm, Y2 10.3 cm
Imager vrt 50.0 cm, Imager lng 0.0 cm, Imager lat 14.8 cm
SAD: 100.0 cm, Focal spot: large, Acquisition mode: half fan
Reconstruction volume: 384 × 384, Slice distance: 2.5 mm

• Varian OBI CBCT pelvis spot light protocol
Voltage: 125 kV, Current: 80 mA, Pulse width: 25 ms
Blades: X1 13.6 cm, X2 13.6 cm, Y1 9.2 cm, Y2 9.2 cm
Imager vrt 50.0 cm, Imager lng 0.0 cm, Imager lat 0.0 cm
SAD: 100.0 cm, Focal spot: large, Acquisition mode: full fan
Reconstruction volume: 384 × 384, Slice distance: 2.5 mm

• Varian OBI CBCT low-dose thorax protocol
Voltage: 110 kV, Current: 20 mA, Pulse width: 20 ms
Blades: X1 13.6 cm, X2 13.6 cm, Y1 10.3 cm, Y2 10.3 cm
Imager vrt 50.0 cm, Imager lng 0.0 cm, Imager lat 14.8 cm
SAD: 100.0 cm, Focal spot: small, Acquisition mode: half fan
Reconstruction volume: 384 × 384, Slice distance: 2.5 mm

• Varian OBI CBCT high-quality head protocol
Voltage: 100 kV, Current: 80 mA, Pulse width: 25 ms
Blades: X1 13.6 cm, X2 13.6 cm, Y1 10.3 cm, Y2 10.3 cm
Imager vrt 50.0 cm, Imager lng 0.0 cm, Imager lat 0.0 cm
SAD: 100.0 cm, Focal spot: small, Acquisition mode: full fan
Reconstruction volume: 384 × 384, Slice distance: 2.5 mm

• Varian TrueBeam XI CBCT pelvis protocol
Voltage: 125 kV, Current × time: 686.40 mA s
Imager vrt 50.0 cm, Imager lng 0.0 cm, Imager lat 984.0 cm
SAD: 100.0 cm, Fan type: half, Trajectory: full
Gantry rotation: 184.5 E to 175.5 E

• Elekta XVI CBCT prostate protocol
Voltage: 120 kV, Current: 64 mA, Pulse width: 40 ms
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Filter: F1, Collimator: M10, Current × time: 1652.2 mA s
Gantry rotation: −179° to 178°

• Siemens MV CBCT pelvis protocol
Voltage: 6 MV, Dose rate: 50 MU/min, Dose: 3 MU
Collimation: X 27.4 cm, Y 27.4 cm
Gantry rotation: 270° to 110°

Fan beam computed tomography
• GE LightSpeed planning CT pelvis protocol

Scout frontal: Voltage: 120 kV, Current: 80 mA
Scout length: S300, I300
CT scan: Voltage: 120 kV, Current: 110 mA, Exposure time: 15.7 s
CT scan length: S110, I85, Slices: 79, Slice thickness: 2.5 mm

• GE LightSpeed planning CT 4DCT + gating protocol
Scout frontal: Voltage: 120 kV, Current: 80 mA
Scout length: S300, I300
CT scan: Voltage: 120 kV, Current: 400 mA, Exposure time: 90.1 s
CT scan length: S110, I87.5, Slices: 880, Slice thickness: 2.5 mm

• GE HiSpeed scout view protocol
Scout frontal: Voltage: 120 kV, Current: 80 mA
Scout sagittal: Voltage: 120 kV, Current: 100 mA
Scout length: S148, I185

• TomoTherapy pelvis protocol
Voltage: 3 MV, Slice thickness: coarse
Scan length: PTV + 1 slice cranial and caudal

Planar imaging
• CyberKnife Life Image protocol

Voltage: 120 kV, Current: 100 mA
Direction: stereoscopic

• Varian OBI pelvis-ap-med protocol
Voltage: 75 kV, Current: 100 mA, Pulse width: 50 ms
Blades: X1 10.0 cm, X2 10.0 cm, Y1 10.0 cm, Y2 10.0 cm
Imager vrt 50.0 cm, Imager lng 0.0 cm, Imager lat 0.0 cm
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SAD: 100.0 cm, Size: normal
Direction: AP, Gantry rtn: 90.0°, Source rtn: 0.0°

• Varian OBI pelvis-lat-med protocol
Voltage: 105 kV, Current: 40 mA, Pulse width: 200 ms
Blades: X1 10.0 cm, X2 10.0 cm, Y1 10.0 cm, Y2 10.0 cm
Imager vrt 50.0 cm, Imager lng 0.0 cm, Imager lat 0.0 cm
SAD: 100.0 cm, Size: normal
Direction: LAT, Gantry rtn: 0.0°, Source rtn: 270.0°

Portal imaging
• Elekta iView prostate protocol

Voltage: 6 MV
Direction: AP, Gantry: 0°, Field size: 10 cm × 10 cm, Dose: 5 MU
Direction: AP, Gantry: 0°, Field size: 16 cm × 16 cm, Dose: 5 MU
Direction: LAT, Gantry: 90°, Field size: 8 cm × 10 cm, Dose: 5 MU
Direction: LAT, Gantry: 90°, Field size: 14 cm × 16 cm, Dose: 5 MU

• Siemens pelvis protocol
Voltage: 6 MV
Direction: AP, Gantry: 0°, Field size: 20 cm × 16 cm, Dose: 2 MU
Direction: LAT, Gantry: 90°, Field size: 16 cm × 16 cm, Dose: 2 MU

• Varian PVI protocol
Voltage: 6 MV, Acquisition: low dose image (two frames averaged)
Direction: AP, Gantry: 0°, Field size: 20 cm × 20 cm, Dose: 1 MU
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Conclusion and Outlook

Advances in the application of ionising radiation to treat patients in ra-
diation oncology over the last few decades have lead to a substantial in-
crease in the cure rates or to a higher probability to at least control the dis-
ease. On the other hand, there are concerns about radiation-related late
effects in long-term radiotherapy survivors. Survivors of a primary can-
cer are at risk of developing a treatment induced second primary cancer
and consequently the need to be able to predict cancer risks after expos-
ure to high radiation doses has arisen. Available cancer risk estimates for
radiation protection purposes focus on the dose range from zero to one
Gray and should only be used with extreme care for the quantification of
the risks in radiotherapy. The time has come to analyse contemporary
treatment techniques in radiation oncology not only in terms of tumour
control probability and acute toxicity, but also in terms of the risk of late
effects such as second cancers.

In this thesis a complete assessment of radiation doses involved in the
process of a typical treatment of cancer patients has been presented. The
same measurement setup and treatment intention has been applied to
measure the dose distributions for the treatment and imaging irradiations.
For the determination of neutron stray dose during high-energy photon
or proton radiotherapy, a new calibration procedure has been developed.
This calibration of the dosimeters allows the measurement of local neut-
ron dose equivalent inside phantoms, which is not possible with com-
monly available neutron dosimeters. The photon stray dose from treat-
ment irradiations using various treatment machines and delivery tech-
niques has been measured. This allows a detailed comparison of the treat-
ment machines and the delivery techniques in terms of the treatment dose,
the out-of-field dose, and the dose in radiation sensitive organs. To our
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knowledge, this is the most comprehensive study on photon stray dose in
radiation therapy in the literature. The importance of imaging procedures
in radiation oncology is steadily increasing and the trend is to apply even
more imaging modalities in clinical routine in the future. The acquired
list of whole-body imaging dose distributions covers all major imaging
procedures applied in modern radiotherapy. This gives the clinician the
possibility to compare the imaging modalities in terms of dose burden to
the patient and consequently to judge the cost and benefit for an optimised
image-guided treatment. The presented catalogue of imaging doses is not
only one of the most extensive available nowadays. It also allows a direct
combination of imaging dose and stray dose from therapy to evaluate the
whole-body dose distribution for a complete image-guided radiotherapy
treatment course. The outcome of this thesis is a comprehensive basis for
the modelling of radiation related cancer risk in modern radiation onco-
logy.

The stray doses from different therapy techniques and imaging mod-
alities used for image-guided radiation therapy have been presented in
Chapters 5 and 6. The doses were combined to estimate the dose burden
for a complete treatment including imaging modalities for patient setup.
To further investigate the influence of the different imaging modalities
on the increase of the total dose to the patient, image-guidance schemes
can be defined and the resulting dose increase can be determined. A
list of four possible examples of imaging schemes for IGRT are shown
in Table 7.1. An imaging scheme based on cone beam computed tomo-
graphy (scheme CBCT) is compared to setup procedures of the patient
using planar imaging with only kilovoltage images (scheme kV-kV), to a
mixed setup using kilo- and megavoltage images (scheme kV-MV) and to
a scheme used before image-guidance where only megavoltage portal im-
ages are used for treatment field verification (scheme MV). The number
of applied imaging procedures furthermore depends on the fractionation
of the therapy: a daily application of an imaging procedure incurs a total
of 26 applications for the 3D-conformal fractionation scheme (26 × 2.0 Gy),
whereas imaging on a daily basis leads to 23 applications for the intensity-
modulated treatments (23 × 2.2 Gy). This is shown in Table 7.1 with the
numbers left and right of the slash. The use of portal megavoltage images
for treatment field verification is limited to the 3D-conformal treatment for
IGRT. Treatment plans applying intensity-modulated beams are usually
verified using phantom measurements before the patient is irradiated for
the first time. The irradiation using the 3D-conformal four field treatment
plan is applied in two series, which leads to a total of 8 portal images. For
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Scheme CBCT Portal MV Planar kV-kV Planar kV-MV

Scheme CBCT 26/23 8/0 0/0 0/0
Scheme kV-kV 0/0 8/0 26/23 0/0
Scheme kV-MV 0/0 8/0 0/0 26/23
Scheme MV 0/0 20/20 0/0 0/0

Table 7.1: Irradiation schemes for the combination of treatment stray dose and dose from
different imaging procedures. On the left side of the slash, the number of image proced-
ure applications for the 3D-conformal therapy fractionation ( × Gy) and on the right
side the number for the fractionation of the intensity-modulated treatments ( × Gy) is
shown.

the non-IGRT scheme, a weekly verification of the four treatment fields is
assumed, resulting in a total of 20 portal images.

The resulting total dose from combinations of different IGRT imaging
schemes is plotted relative to the therapy dose in Figures 7.1 and 7.2. Thus
the additional dose burden from imaging can be quantified in terms of
the unavoidable therapeutic dose. The dose is shown along the medial
patient axis from the isocenter in the prostate at 𝑥 = 0 cm to the head
(𝑥 = 82.5 cm). The vertical lines represent the border of the target volume
along this direction. For each irradiation technique the resulting dose for
all the imaging schemes in Table 7.1 is plotted, except for the TomoTher-
apy unit, where only megavoltage fan beam CTs are available for patient
positioning. The local relative increase of the dose because of the applied
imaging scheme varies between below 0.5 % and 30 %. The results from
Figures 7.1 and 7.2 can be used as a guideline for dose monitoring in the
clinical practise for the management of IGRT doses.

The aim of this thesis was to assess as many different contributions to
the integral dose of a patient in radiation therapy as reasonably possible.
A potential extension of the dose measurements presented here would
be the measurement of stray doses from high-energy photon treatments.
Most of the delivery techniques investigated in Chapter 5 can also be ap-
plied using different photon energies. The presented photon therapy stray
dose measurements were done using 6 MV beams. Higher photon ener-
gies have the advantage of more forward directed patient scatter and a
larger build-up region, which increases the skin-sparing effect of the radi-
ation. High-energy photon beams have shown benefits for the treatment
of deep seated tumours. The disadvantages are an increase in head leak-
age radiation, the production of neutrons and a higher exit dose. It would
be interesting to assess the photon stray dose for the high-energy photon
beams from Chapter 3 in order to combine it with the neutron dose and
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(a) Additional relative dose: Varian 3DCRT with imaging
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(b) Additional relative dose: Varian IMRT with imaging
Figure 7.1: Comparison of the additional dose from different IGRT schemes. In (a), for the
3D-conformal irradiation (3DCRT) and in (b) for the intensity-modulated radiotherapy irra-
diation (IMRT) at the Varian Clinac 21 iX. The cone beam computed tomography using the
imaging device on the Varian TrueBeam linear accelerator is abbreviated with “CBCT TB”.
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(b) Additional relative dose: Accuray TomoTherapy with imaging
Figure 7.2: Comparison of the additional dose from different IGRT schemes. In (a) for the
flattening filter-free volumetric modulated arc therapy irradiation (VMAT FFF) at the True-
Beam and in (b) for the helical TomoTherapy irradiation and the TomoTherapy unit. The
cone beam computed tomography using the imaging device on the Varian TrueBeam linear
accelerator is abbreviated with “CBCT TB”.
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determine the total dose to the patient. This would give the possibility to
compare the total dose from high-energy photon treatments to low-energy
photon and proton treatments. As pointed out in Section 5.4.4, the meas-
urement of photon stray dose in a mixed field of photons and neutrons
is not possible with the detectors used there. A different neutron-blind
thermoluminescent material and an adapted handling protocol would be
necessary to perform these measurements.

The application of heavy charged particles in radiation therapy is not
limited to protons. The first beam line for radiotherapy using heavy ions
was built at the University of California in Berkeley in 1977 and the interest
in ion radiotherapy has steadily been increasing especially in Japan and
Europe [108]. This interest is accompanied by intensive technical, phys-
ical, and clinical research and important progress is being made [109].
Most beam lines use carbon ions to treat patients. They share some of
the advantages and disadvantages with proton beams. One of the dis-
advantages is the production of neutrons. The measurement series in this
study could be expanded with neutron dose measurements at an ion beam
therapy facility. This would allow the comparison of neutron dose from
carbon ion treatments with neutron dose from proton and high-energy
photon beams.

The extent of the presented dose catalogue for procedures in radiation
oncology is a good starting point for modelling of cancer induction for ra-
diotherapy survivors. A basis is provided to use sophisticated models for
cancer risk estimation. Usually, the formalism of effective dose has been
applied for estimations of cancer risk, which is not advisable for doses in
the radiotherapy regime and is heavily overrating cancer risk from IGRT.
The results of this work in combination with sophisticated dose response
models for radiation induced cancer would allow more realistic cancer
risk estimates for patients who are simultaneously imaged and treated
with ionising radiation.

There are efforts in radiation oncology to include the determination
of normal tissue complication probability (NTCP) into clinical routine for
the evaluation of different treatment plans for the same patient. To go one
step further, it would be interesting to link the determined NTCP with
the estimation of the risk for second cancer induction. Modern treatment
techniques lead to higher conformity of the dose to the target volume com-
pared to conventional treatments. This leads to a reduction of the NTCP.
On the other hand, modern treatment techniques using intensity modula-
tion increase the out-of-field dose compared to conventional techniques.
As has been discussed in this thesis, this is expected to lead to an increased
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rate of second cancers. A balancing of these two aspects should be invest-
igated for the benefit of the patient. However, flattening filter-free deliv-
ery of treatment plans showed that the stray dose can be reduced although
intensity modulation is applied, which is a promising aspect for further
developments in radiation therapy.

One of the most important goals for the optimisation of radiation ther-
apy is to reduce the volume of the irradiated tissue. The application of
image-guidance has lead to reductions in the safety margins added to the
target structures for the irradiation. The imaging procedures allow the
verification of the accuracy of the position of the target before or possibly
during the treatment, which justifies the reduction of the margins. But
the ionising radiation used by the imaging modalities increases the risk
for radiation induced cancers. Further studies are necessary to investig-
ate the correlation between these two aspects and to judge the importance
of stray dose to the patients in radiation oncology.

Since modern radiotherapy methods progressively decrease the stray
dose and can be expected to continue to do so in the future, the stray dose
incurred by imaging methods could become more troublesome. Altern-
ative non-ionising image guiding methods like ultrasound or magnetic
resonance imaging may become valuable options to further reduce the in-
tegral dose of a patient.
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