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ZUSAMMENFASSUNG

Die TomoTherapy bietet eine einzigartige Maoglichkeit der intensitats-
modulierten  Strahlentherapie. Ein schlitzartiger hochenergetischer,
ionisierender Photonenstrahl wird durch einen bindaren Multi-Lamellen-
Kollimator geformt wund eine Vielzahl solcher Projektionen aus
verschiedenen Einstrahlwinkeln auf ein Zielgebiet kumuliert. Durch diese
Technik wird eine homogene Dosisverteilung im Zielgebiet, zumeist
Tumorgewebe, mit steilen Gradienten zum Normalgewebe erreicht.

Die Vorzige der einzigartigen Bestrahlungstechnik der TomoTherapy
wurden  kombiniert, um eine neue Methode der robusten
Ganzkdrperbestrahlung zu entwickeln und in die klinische Routine zu
implementieren.

Von nationalen und internationalen Dosimetrieprotokollen vorgeschriebene
Referenzbedingungen fir die Absolutdosimetrie sind mit dem
Bestrahlungsgerat TomoTherapyHD unter mehreren Aspekten nicht zu
erreichen. Mittels Monte Carlo Simulationen werden Fragestellungen
beantwortet, die Unsicherheiten der Absolutdosimetrie reduzieren.

Die Unsicherheiten der Dosimetrie kleiner Felder werden in vielen
Publikationen untersucht. In dieser Arbeit wird erstmalig eine
fluenzgewichtete SubfeldgroBe eines helikalen TomoTherapy Planes
definiert. Dieser Parameter bietet die Mdglichkeit einer Beschreibung der
Komplexitat eines Bestrahlungsplanes und ist eine Grolke, um Genauigkeiten
von Messsystemen flr die Patientenqualitdtssicherungen in der klinischen

Dosimetrie zu verifizieren.

In der vorliegenden kumulativen Dissertation werden Hintergriinde zu den
beschriebenen Sachverhalten beschrieben und die entsprechenden
Ergebnisse vorgestellt. Mit dieser Arbeit wird ein Beitrag geleistet, die
Qualitatssicherung der Strahlentherapie weiter zu verbessern und

Ungenauigkeiten in der klinischen Dosimetrie zu minimieren.



SUMMARY

TomoTherapy offers a unique possibility of intensity-modulated radiation
therapy. An high-energy, photon fan beam is formed by a binary multi-leaf
collimator and a large number of such projections from different gantry
angles are accumulated on a planning target volume. This technique
achieves a homogeneous dose distribution in the target volume, mostly
tumor tissue, with steep gradients to normal tissue.

The advantages of the unique radiation technology of TomoTherapy were
combined to develop a new method of robust whole-body radiation and to
implement it in clinical routine.

Reference conditions for absolute dosimetry prescribed by german and
international dosimetry protocols cannot be achieved with the radiation
therapy device TomoTherapyHD in several respects. Monte Carlo
simulations answer questions that reduce uncertainties in absolute
dosimetry.

The uncertainties of dosimetry in small fields are examined in many
publications. In this work, a fluence-weighted subfield size of helical
TomoTherapy plans is defined for the first time. This parameter offers the
possibility of describing the complexity of a radiation treatment plan and is a
parameter for verifying the accuracy of measurement systems for patient

quality assurance in clinical dosimetry.

In this cumulative dissertation, background information on the described
issues are described and the corresponding results are presented. This work
contributes to further improving the quality assurance of radiation therapy

and minimizing inaccuracies in clinical dosimetry.
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1. EINFUHRUNG UND UBERSICHT

Die Beschreibung der Bestrahlungstechnik Helikale TomoTherapy wurde
1993 von Mackie et al [53, 54] erstmalig publiziert. Ahnlich zur
Computertomographie rotiert hier die Strahlenquelle kontinuierlich um den
Patienten, wahrend der Bestrahlungstisch mit dem Patienten durch die
Gantry bewegt wird. Der therapeutische Strahl ist ein ungefilterter 6-MV-
Photonenstrahl, welcher in longitudinale Richtung durch Y-Blenden (1.0, 2.5
oder 5.0 cm) und in lateraler Richtung durch einen Multi-Lamellen-
Kollimator (0.625 cm Lamellenbreite im Isozentrum) fokussiert wird [40, 55].
Die 10 cm dicken Lamellen, die sich innerhalb von 20 ms 6ffnen und
schlieBen, kdnnen ausschlielRlich die Zustdande gedffnet oder geschlossen
annehmen. Man spricht daher von einem bindaren Multi-Lamellen-Kollimator
(7,48, 72].

Die TomoTherapy ist damit eine besondere Form der intensitatsmodulierten
Strahlentherapie (IMRT) [87]. Die Dosisbeitrage werden dabei vornehmlich
Uber optimierte Beamlets appliziert, d.h. bevorzugt gedffnete Lamellen bei

geeigneten Projektionswinkeln [8].

Grundlage flr die Bestrahlungsplanung ist eine kV-Bestrahlungsplanungs-
Computertomographie  (BPL-CT), bei der die Patienten unter
Bestrahlungsbedingungen (Lagerung, Organfillstainde etc.) gescannt
werden. Risikostrukturen und Zielgebiete werden in einem Structure Set
(nach DICOM Standard [57]) segmentiert. Durch den inversen
Planungsprozess der IMRT werden die optimalen Beamlets ermittelt, indem
Dosisvorgaben mit entsprechenden Wichtungsfaktoren fir Zielgebiete und
alle relevanten, segmentierten Risikostrukturen in einer Zielfunktion

beschrieben werden.
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So werden selbst komplex geformte Planungszielgebiete hochkonformal mit
einer besonders homogenen Dosisverteilung bestrahlt und umliegendes
Normalgewebe bestmoglich geschont [16, 39, 60, 84, 88].

Die hochkonformale TomoTherapy-Bestrahlungstechnik stellt erhohte
Anforderungen an eine exakte Lagerungskontrolle. Eine bildgestitzte
Strahlentherapie (Image Guided Radio Therapy, IGRT [31]) wird an der
TomoTherapyHD durch eine Megavolt-Computertomographie (MV-CT)
realisiert. Mit dem therapeutischen Linearbeschleuniger kann dafir ein 3.5-
MV-Photonenbeam erzeugt werden. Durch ein Xenon-Gas-Detektor-Array,
welches sich gegentber der Strahlenquelle befindet, kann vor jeder
Bestrahlung ein 3D-MV-CT aufgenommen werden und mit dem BPL-CT
fusioniert werden [56].

Des Weiteren ermoglicht es die TomoTherapy, die Dosisverteilung auf dem
MV-CT zu berechnen, um die tatsachlich applizierte Dosis beurteilen zu
kdbnnen, und bietet damit durch die komplette Integration eine einfache

Losung fur die adaptive Strahlentherapie [47].

Ein Vorteil, der sich aus der TomoTherapy gegenlber sonstigen IMRT-
Bestrahlungstechniken ergibt, liegt darin, nicht durch die FeldgrofRe des
Kollimators limitiert zu sein. Durch die kontinuierliche Bewegung des Tisches
wahrend der Bestrahlung kdnnen Zielgebiete mit einer Lange von bis zu 135
cm mit dem hochenergetischen 6-MV-Photonenstrahl behandelt werden
(34, 38].

Bei herkdmmlichen Bauformen klinischer Linearbeschleuniger betrdgt die
maximale FeldgroBe 40x40 cm? im Isozentrum. Konzepte fiur die
Ganzkodrper-Bestrahlungen basieren daher auf einer Kombination
angrenzender  opponierender  Strahlenfelder, auf  geschwenkten
Gegenfeldern in kurzem Quell-Patienten-Abstand, oder auf Bestrahlungen
mit  sehr grofem Quell-Patienten-Abstand in  unterschiedlichsten

Patientenpositionen. Eine notwendige Dosisreduktion an dem Risikoorgan
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Lunge erfolgt dabei durch Absorptionsblécke, die sowohl die Dosis als auch
die Dosisleistung reduzieren. Resultierende Unterdosierungen im
Normalgewebe vor bzw. hinter der Lunge werden optional durch
Elektronenfelder aufgesattigt [65, 66].
In dieser Arbeit wurde eine Methode entwickelt, die Ganzkorper-
Bestrahlung mit dem TomoTherapyHD Bestrahlungsgerdat durchzufihren
[71]. Dabei sollten folgende Ziele erreicht werden:
a) homogene Dosisverteilung im Normalgewebe
b) reduzierte, homogene Dosisverteilung in den Lungen
c) reproduzierbare Dosisapplikation im Patienten, der
Bestrahlungsplanung entsprechend
d) bequeme Lagerung des Patienten, ausschlieBlich in
Rickenlage
Im Vordergrund stand hierfir eine neue Bestrahlungstechnik: TomoDirect.
Zwei bis zwolf  bestmogliche feste Einstrahlwinkel werden im
Planungsprozess bestimmt. Wahrend der Tisch durch die Gantry-Offnung
bewegt wird, bleibt die Gantry auf der geplanten Position stehen und die
Dosis wird durch IMRT-optimierte Subfelder appliziert. Dieser Vorgang wird
far alle Gantry-Winkel wiederholt, bis die optimierte Fluenz abgestrahlt

wurde [27, 59].

3
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1.1. TOMOTHERAPY SPEZIFISCHE PLANUNGSPARAMETER

Die inverse IMRT-Optimierung der TomoTherapy unterscheidet sich nicht
wesentlich  von  konventionellen  IMRT-Techniken ~ mit  klinischen
Linearbeschleunigern (87]. Dennoch gibt es ausgewahlte
Planungsparameter, die vornehmlich flir die Optimierung von
TomoTherapy-Planen von Bedeutung sind. Diese werden im Folgenden fir

die Techniken TomoHelical und TomoDirect ausgefthrt.

Die FeldgroRe (Field Width, FW) beschreibt die GréRe des Strahlenfeldes im
Isozentrum in longitudinaler Ausdehnung und wird durch die Y-Blenden
bestimmt. Im Planungsprozess kann zwischen drei moglichen Y-Blenden-
Offnungen gewahlt werden: 1.0, 2.5 und 5.0 cm. Durch kleinere FeldgréRen
konnen steilere Dosisgradienten in cranio-caudaler Richtung erzeugt
werden. Allerdings steigt damit, aufgrund des kleineren Outputs, die
Strahlzeit erheblich an.

TomoEdge erméglicht ein dynamisches Offnen und SchlieRen der Y-Blenden
am Anfang und Ende der zu bestrahlenden Zielgebiete. So werden auch bei
grolReren FeldgrofRen sehr steile Dosisgradienten in cranio-caudaler

Richtung erreicht und gesundes Gewebe wird besser geschont [43, 81].

Der Pitch beschreibt den Vorschub des Tisches pro Gantryrotation, geteilt
durch die FeldgroRRe [48].

Kissick et al [46] und Chen et al [17] beschreiben geeignete Pitches, um
Dosisinhomogenitaten im Hochdosisgebiet, sogenannte ripple effects, zu
minimieren. Bei zentral gelegenen Zielgebieten sind optimale Pitchwerte
gegeben durch 0.86/n, wobei n ein beliebiger ganzzahliger Wert groRer
gleich eins ist.

Der Pitchfaktor wird limitiert durch die technischen Parameter der
Gantryrotationszeit (12 .. 60 s) und der Tischgeschwindigkeit
(0.0125 ... 40 mm/s) [12].

4
Dosimetrische und planungstechnische Untersuchungen der TomoTherapy



S. Howitz Inaugural-Dissertation

Eine Gantryrotation wird im Planungsprozess in 51 gleichverteilte
Gantrywinkel, sogenannte Projektionen, unterteilt [80]. Die
Fluenzmodulation innerhalb einer Projektion wird durch individuelle
Lamellen-Offnungszeiten (leaf-opening time, LOT) realisiert. Die LOT liegt
zwischen 20 ms und der Projektionszeit (Gantrayrotationszeit/51) [51]. Die
LOTs fur den gesamten Plan werden in der DICOM-standardisierten RT-Plan-
Datei in einem Sinogramm, also einer zweidimensionalen Matrix in
Abhangigkeit  vom Gantrywinkel und der Lamellennummer,
zusammengefasst. Im Planungsprozess kdnnen die LOTs nicht unmittelbar

beeinflusst werden.

Der Modulationsfaktor (MF) ist das Verhaltnis der langsten LOT zum
Mittelwert aller LOTs, die groRer als Null sind [48]. Im Planungsprozess
besteht die Moglichkeit, einen maximalen MF zu definieren. Je groRer dieser
ist, desto grofler ist die Bandbreite der verwendeten LOTs aufgrund einer

verlangsamten Gantryrotation [12, 77].

In TomoDirect ist der Pitch als Tischvorschub pro Projektion definiert. Das
Maximum ist dabei ein Zehntel der Feldgrole.

Die Projektionsdauer wird limitiert durch die Tischgeschwindigkeit und die
Héhe der Energiedosis.

Damit kann durch den Pitch in beiden Techniken TomoHelical und
TomoDirect bestimmt werden, wie sehr sich einzelne Projektionen in

longitudinaler Richtung Gberschneiden.

Eine Technik, die zur Robustheit von TomoDirect-Bestrahlungen beitragen
kann, ist die Erweiterung der Strahlausdehnung. Dafiir kann fur jede X-Kante
eines jeden Strahlwinkels die FeldgréRe um bis zu finf Lamellen, also bis zu
3.125 cm, erweitert werden. Die LOT der erweiterten Lamellen entspricht

der durchschnittlichen LOT der zweit- und dritt-dufersten Lamellen der
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Strahlkante. So werden Zielgebiete, die sich durch Lagerungsunsicherheiten
oder Veratmungen bewegen, sicherer mit der verschriebenen Dosis

bestrahlt [78].

1.2. DOSIMETRISCHE PROBLEMSTELLUNGEN BEI DER TOMOTHERAPY

Die Dosimetrie ist die Lehre der Messung der Energiedosis, die durch
ionisierende Strahlung und damit verbundene Wechselwirkung erzeugt

wird.

1.2.1. STRAHLENQUALITATSINDEX

In der klinischen Dosimetrie sind mit Luft geflllte lonisationskammern fir
die Messung der Wasserenergiedosis (D,,) das Standardverfahren. D, fr
hochenergetische Photonenstrahlung ist das Ergebnis einer Multiplikation
des Anzeigewertes der lonisationskammer (M), dem Kalibierfaktor (N), dem
Korrektionsfaktor ~ fur  die  Strahlenqualitdt (k) und  weiteren
Korrektionsfaktoren (k;), die aufgrund nie erreichter Idealbedingungen

(Bragg-Gray Bedingungen [14, 32, 33]) systematische Messabweichungen

DW=Mqu1_[ki
i

lonisationskammern werden in Deutschland mit 60Co—Gammastrathng

korrigieren:

kalibriert. Weicht das Energiespektrum ionisierender hochenergetischer
Strahlung von den Kalibrierbedingungen ab, weisen lonisationskammern
veranderte Ansprechvermogen auf. Diese Einflisse werden durch den
Korrektionsfaktor kg bertcksichtigt. Der Wert dieses Korrektionsfaktors steht
in Abhangigkeit vom Strahlungsqualitatsindex, welcher die spektrale
Teilchenflussdichte klassifiziert.

Sowohl nationale als auch internationale Leitlinien [3, 5, 23] beschreiben
Methoden, um die Strahlenqualitdt zu ermitteln, die unter bestimmten

Referenzbedingungen durchzufihren sind.
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Die IAEA empfiehlt in der Technical Report Series 398 [5], wie auch die DIN
6800-2 [23] eine Bestimmung von der Strahlenqualitdat nach dem Gewebe-
Phantom-Verhaltnis 20 cm zu 10 cm (Tissue-Phantom Ratio, TPR2g 10)-
TPR,0,10 ist definiert als das Verhaltnis der gemessenen Dosis in 20 cm (D2)
zu 10 cm (Djo) Tiefe in Wasser bei einem konstanten Quell-Detektor-

Abstand von 100 cm und einer FeldgroRe von 10x10 cm? in der Messebene:

D
TPRyg10 = ZOCm/D

10cm

Die Taskgroup 51 der AAPM [3] dagegen empfiehlt eine Bestimmung der
Strahlenqualitdt nach dem relativen Dosiswert der auf das Maximum
normierten Tiefendosiskurve (TDK) in einer Tiefe von 10 cm (%dd). Die
Messbedingungen fur die TDK sind eine FeldgroRe von 10x10 cm? in 100 cm
Abstand bei einem Quell-Phantomoberflachen-Abstand von ebenfalls 100
cm.

Insbesondere die FeldgroRe als auch der Quell-Detektor-Abstand sind an
den TomoTherapy Bestrahlungsgeraten nicht einstellbar. In dieser Arbeit
wird die Bestimmung von der Strahlenqualitat unter

Nichtreferenzbedingungen mit Monte-Carlo-Berechnungen verifiziert [36].

1.2.2. MONTE-CARLO-METHODE

Die Monte-Carlo-Methode ist eine numerische Methode, um komplexe
Gleichungen oder Integrale mittels Zufallszahlen zu I6sen [75].

In der Strahlentherapie wird der Transport der Photonen, Elektronen,
Positronen, Neutronen oder Schwerionen durch Materie simuliert, um
absorbierte Energiedosis zu berechnen. Ein viel zitiertes und in dieser Arbeit
genutztes Programmpaket ist EGSnrc (Elektron Gamma Shower), entwickelt
vom National Research Center of Canada [44, 45]. Grundlage fur die
simulierten Wechselwirkungen der Photonen, Elektronen und Positronen
sind die energie- und materialabhangigen Wechselwirkungsquerschnitte des

National Institute of Standards and Technology (NIST) [10, 11].

7
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Mit dem Anwendercode von BEAMnNrc [68] kdnnen, in Kooperation mit den
Herstellern, Beschleunigerkopfmodelle erstellt werden. So kbnnen
Bremsstrahlungsspektren genau berechnet werden und realistische
Photonen- und Elektronenspektren des Linearbeschleunigers ermittelt
werden. Dazu ist es notwendig, alle Geometrien mit entsprechenden
Materialien zu definieren. AnschlieRend mussen folgende Parameter iterativ
ermittelt werden:

e primare Elektronenenergie bzw. -energieverteilung vor dem Target

e Intensitatsverteilung der Elektronen auf dem Target

e Richtungsverteilung der Elektronen auf dem Target
Dieser Prozess erfolgt Ublicherweise Uber einen Vergleich zwischen
simulierter und gemessener Tiefendosiskurven und Querprofilen in einem
Wasserphantom [2, 18, 76, 83, 85, 86].
Das Ergebnis von BEAMnrc-Simulationen sind PhaseSpace-Dateien, in denen
die Teilchen in gewinschter Ebene mit Eigenschaften wie Art des Teilchens,
Ortskoordinaten, Impuls, Ladung, Energie etc. gespeichert sind. Diese
kbnnen a) statistisch analysiert werden, um Energiespektren auszulesen,
und b) fur Simulationen in weiterfihrenden Anwender-Codes, wie

»sprrznrc” [67] und ,,egs_chamber” [90] als Quelldatei genutzt werden.

1.2.3. PATIENTENBEZOGENE QUALITATSSICHERUNG

Die DIN 6875-3 [24] gibt eine Empfehlung fiir eine patientenbezogene
Qualitatssicherung fir IMRT-Plane. Die bekanntesten Phantome fir die
helikale TomoTherapy sind das ArcCheck von Sun Nuclear (Melbourne, USA)
und das Delta4 von Scandidos (Uppsala, Schweden) [25, 30, 61, 62, 69]. Die
Detektorarrays beider zylindrischen Phantome bestehen aus mehreren
hundert Si-Dioden. So kann die Integraldosis eines helikalen
Bestrahlungsplans mit einer hohen raumlichen Auflosung detektiert

werden.
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Im ArcCheck ist das Detektor-Array auf einer Mantelflache drei Zentimeter
unter der Oberflaiche des Phantoms positioniert. In der Auswertung der
Qualitatssicherung werden berechnete und gemessene Dosiswerte
verglichen.

Das Delta4 bietet den Vorteil, dass die physikalische Dosismessung direkt im
interessierenden Hochdosisgebiet erfolgen kann — im Zylinder kreuzen sich
zwei Diodenarrays orthogonal. So koénnen Dosisgradienten um das
Hochdosisgebiet und eine mediane Dosisabweichung innerhalb des
Hochdosisgebiets fir jeden Patientenplan verifiziert werden.

Die Anzeige der Absolutdosis einer jeden einzelnen Diode (D(i)) ist nach
einer Kalibrierprozedur (kal) der Diodenarrays moglich. Dafir wird ein
absoluter Kalibrierfaktor (kalws) fir jedes Detektorboard durch eine
lonisationskammer bestimmt. Des Weiteren wird fir jede Diode ein
relativer  Kalibrierfaktor  (kale(i)) ermittelt, der unterschiedliche
Ansprechvermdgen der Dioden korrigiert. Die folgenden
Korrektionsfaktoren werden derzeit im Deltad bericksichtigt, um die
Unsicherheiten der Messergebnisse zu minimieren [74]:

e Temperaturkorrektionsfaktor (kemp), da die Sensitivitat der Dioden
von der Temperatur abhdngt (=A 1% der Dosis bei A 3 °C)

e Diodenpositionskorrektionsfaktor (ksos). Die Ansprechvermdégen der
Dioden hangen ab von der Messtiefe, dem Abstand von der
Feldkante, sofern sie sich auRerhalb des Feldes befinden, und dem
Einstrahlwinkel. Diese drei Unsicherheiten werden durch kpos
minimiert.

e FeldgroBenkorrektionsfaktor (kg). Ein Uberschatzen der Dosis bei
einem groRen Hochdosisbereich durch erhohte niederenergetische
sekundare Streubeitrage wird durch kg, korrigiert.

Di =M - kalgps* kale, * keemp * kpos * krg

9
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Die IAEA verodffentlichte 2017 in der Technical Report Series 483 [64]
Korrektionsfaktoren, unter anderem fiir Dioden bei kleinen Feldern. Helikale
TomoTherapy-Bestrahlungsplane bestehen aus einer Vielzahl kleiner Felder,
mit FeldgroBen bis hinunter zu 0.625 x 1.0 cm? was in den
Korrektionsfaktoren im Delta4 jedoch nicht bericksichtigt wird.

In dieser Arbeit wird der Einfluss der Subfeldgrofen auf das

Ansprechvermogen der Delta4-Dioden untersucht [37].
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2. EIGENE ARBEITEN

In diesem Kapitel werden die drei Arbeiten vorgestellt, die dieser

kumulativen Promotionsschrift zu Grunde liegen.

2.1. GANZKORPERBESTRAHLUNG MIT TOMODIRECT

Die neue Bestrahlungstechnik TomoDirect bietet die Moglichkeit einer
robusten Ganzkorperbestrahlung mit einer homogenen Dosis und einem
integrierten Niedrigdosisvolumen bzw. Dosisschonungsvolumen im Bereich
der Lungen.

Es wird eine Methode vorgestellt, mit der acht Ganzkérperpatienten mit
einer Gesamtdosis von 12 Gy im Ganzkdrperzielgebiet und einer reduzierten
Dosis von 8 Gy im Lungengewebe in der klinischen Routine bestrahlt
wurden. Patienten, die grofer als 1.35 m waren, wurden mit einem
cranialen Plan (von Kopf bis Oberschenkel) und einem caudalen Plan (von
FuR bis Oberschenkel) bestrahlt. Beide Plane Uberlappten sich durch
diametrale, flache Dosisgradienden im Bereich der Oberschenkel. So
verursachten kleine Lagerungsunsicherheiten vernachlassigbare Unter- bzw.
Uberdosierungen im Anschlussbereich.

Die Einflisse der Planungsparameter Modulationsfaktor (MF), Pitch, Y-
Blendenoffnung und Dosisraster wahrend der Optimierung auf die
Planergebnisse wurden untersucht und ausgewertet. Es wurde gezeigt, dass
die Wahl des MFs zwischen 1 und 2 den grofRten Einfluss auf die
Dosisverteilung, beziglich Homogenitdt und Konformitdt, und die
Bestrahlungszeit  besitzt. Der  Planvergleich  verschiedener Y-
Blendenoffnungen  zeigte lediglich  einen  Unterschied in  der
Bestrahlungszeit. Der Einfluss des Pitchs war sowohl in der Dosisverteilung

als auch in der Bestrahlungszeit vernachlassigbar.
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Eine Dosisverifikation der Bestrahlungsplane erfolgte durch:

a)

Dosimetrie mittels Thermo-Lumineszenz-Detektoren (TLD) in einem
RANDO-Phantom. Abweichung zwischen Messung und Rechnung:
0.7% % 2.3%, maximale Abweichung < 5%.

Verifikationsmessungen mit dem Delta4 im Thoraxbereich: mediane
Dosisabweichung: 1.5%.

patientenindividuelle  Qualitatssicherungsmessungen  mit  der
lonisationskammer A1SL (SunNuclear) im Cheesephantom (Accuray):
Abweichungen zwischen Messung und Rechnung: < 2.2% + 1.8% fur

verschiedene Kérperregionen.

Ein Vergleich mit der Translationstechnik zeigt eine deutliche Verbesserung

der Homogenitdt im Ganzkdrperzielgebiet und eine besseren Schonung der

Lungen bei einer Dosis > 10 Gy.

Salz H, Bohrisch B, Howitz S, Banz N, Weibert K, Wiezorek T, Wendt TG;
Intensity-modulated Total Body Irradiation (TBI) with TomoDirect™;
Radiat Oncol. 2015 Mar 6;10:58. doi: 10.1186/s13014-015-0362-3.

Impact-Factor: 2.466

Eigenanteil an dieser Arbeit: 40%

Mitgestaltung des Zielgedankens und Methodik, technische Realisierung,
Durchfiihrung der Messungen und Auswertungen, Unterstiitzung beim
Erstellen des Manuskripts
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2.2. BESTIMMUNG DES STRAHLENQUALITATSINDEXES FUR DIE
TOMOTHERAPY MIT MONTE-CARLO-METHODEN

Sauer [73] stellt eine Methode vor, die Strahlenqualitdt aus TPR,10(S)-
Messungen kleiner Felder mit einer quadratischen Kantenldnge (s) zu
bestimmen. Hierflir wird ein Fit empfohlen, der sich groftenteils aus
TPR20,10(5)-Messungen aus dem Suppelement BJR25 [13] ableitet. Diese
Dosisverhaltnisse wurden in 6-MV und 15-MV-Photonenstrahlen ermittelt,
erzeugt von klinischen Linearbeschleunigern mit Ausgleichfiltern. Der 6-MV-
Photonenstrahl der TomoTherapy dagegen ist ausgleichsfilterfrei. Damit
sind die Phantom-Streudosisbeitrdage nicht vergleichbar, was einen Einfluss
auf den Tiefendosiskurvenverlauf und damit auf TPRyp10 hat. Sauer
empfiehlt, fir die TomoTherapy TPR,p10 nicht in Abhdngigkeit von der
guadratischen Kantenlange s zu berechnen, sondern bericksichtigt die
fehlenden Streubeitrdge durch eine dquivalente quadratische Kantenlange
Seq, fff-

Das analytische Modell wurde durch verschiedene Monte-Carlo-Methoden
verifiziert. In Kooperation mit Accuray wurde dafir ein Strahlerkopfmodell
in BEAMnrc modelliert und kommissioniert. Die durch Monte Carlo
berechneten und die messtechnisch ermittelten Strahlenqualitatsindizes
variierten nicht mehr als * 0.5%. Die Unsicherheit des resultierenden

Korrektionsfaktors kg ist damit kleiner 0.1%.

Howitz S, Schwedas M, Wiezorek T, Zink K; Experimental and Monte Carlo-
based determination of the beamquality specifier for TomoTherapyHD
treatment units;

Z Med Phys. 2018 Apr;28(2):142-149. doi: 10.1016/j.zemedi.2017.09.006.

Impact-Factor: 2.322

Eigenanteil an dieser Arbeit: 90%

Festlegung der Zielsetzung, Kooperationsvertrag mit Accuray fir das
Strahlerkopfmodell, Monte-Carlo-Simulationen, Dosimetrie, Auswertung
und Diskussion der Ergebnisse, Erstellung des Manuskripts
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2.3. FLUENZGEWICHTETE MITTLERE SUBFELDGRORE IN DER HELIKALEN
TOMOTHERAPY

Kleine Strahlenfelder (< 4x4 cm?) stellen die klinische Dosimetrie vor
messtechnische Herausforderungen [9, 19, 21]. Im Optimierungsprozess der
Bestrahlungsplanung der helikalen TomoTherapy ist es nicht moglich, einen
Schwellwert flr kleinste Felder zu definieren. Es wurde untersucht, ob das
Ansprechvermdgen des Deltad-Messsystems, welches in der klinischen
Patientenqualitdtssicherung eingesetzt wird, durch einen hohen Anteil zu
kleiner Felder beeinflusst wird.

Fir die helikale TomoTherapy wurde erstmalig eine mittlere Subfeldgrofe
definiert.  Der  Einfluss von  Planungsparametern  wie  Pitch,
Modulationsfaktor (MF) und Anzahl der Iterationen auf das Planergebnis
wurde flr verschiedene Zielgebiete untersucht. Als Planergebnis wurden die
Subfeldgrofen, die klinischen Dosisverteilungen und verschiedene
Maschinencharakteristika wie LOT, Bestrahlungszeit und Gantryperiode
analysiert. Der MF und die Anzahl der Iterationen der Optimierung zeigten
den grofiten Einfluss auf die SubfeldgroRe. Wahrend die Subfelder der Plane
bei grofen MF und vielen Iterationen signifikant kleiner wurden,
verbesserte sich ebenfalls die klinische Dosisverteilung. Damit wurde auf die
Herausforderung aufmerksam gemacht, klinisch bessere Plane auf Kosten
einer steigenden Anzahl kleinster Subfelder zu planen.

Das Ansprechvermogen des Delta4-Messsystems zeigte in dieser Studie
keine Abhangigkeit von der mittleren SubfeldgroRe. Die Planverifikationen
aller Plane erfullten die Anforderungen fir eine klinische Akzeptanz:
mediane Dosisabweichung im Zielgebiet < + 0.7%, gamma passing rate (3% /

3 mm) > 99.5%.

Howitz S, Wiezorek T, Wittig A, Vorwerk H, Zink K, Fluence-weighted average
subfield size in helical TomoTherapy,
Z Med Phys 29 (2019) 337-348 doi: 10.1016/j.zemedi.2019.03.003
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Impact-Factor: 2.322

Eigenanteil an dieser Arbeit: 90%

Festlegung der Zielsetzung, Definition mittlere Subfeldgrofe fir helikale
TomoTherapy, Berechnung und Auswertung der Planvergleiche,
Durchfihrung und Auswertung der Dosimetrie, Auswertung und Diskussion
der Ergebnisse, Erstellung des Manuskripts
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3. DISKUSSION

Das primare Ziel der Medizinischen Physik im Gebiet der onkologischen
Strahlentherapie besteht darin, die Energie der ionisierenden Strahlung
prazise im Tumorgebiet zu applizieren und umliegendes gesundes Gewebe
so gut es geht zu schonen. Klinische Forschungsgruppen erreichen
Fortschritte diesbeziglich durch Verbesserung der Absolut— und
Relativdosimetrie. DarUber hinaus  tragen ingenieurstechnische
Entwicklungen der Bestrahlungsgerate durch immer mehr Freiheitsgrade zu
einer praziseren Bestrahlungsplanung und entsprechender Applikation
hochenergetischer Photonen bei. Die Herausforderung fir die Medizinische
Physik besteht darin, Vorteile neuer Bestrahlungstechniken zu nutzen und
am Patienten anzuwenden.

Durch die patientenbezogene Qualitatssicherung wird verifiziert, dass das
Bestrahlungsgerdt in der Lage ist, die hochkomplexen Pldne abzustrahlen.
Dafir werden mit geeigneten Dosimetriesystemen  gemessene
Dosisverteilungen  mit den in  Planungssystemen  berechneten

Dosisverteilungen verglichen.

Im  Planungsprozess muss immer zwischen einer hochprazisen
Dosisverteilung und Robustheit abgewogen werden. Dabei gilt es, intra—
und interfraktionelle Bewegungen von Patienten zu bertcksichtigen und zu
gewidhrleisten, dass die Zielgebiete trotz aller Lagerungsunsicherheiten mit
der geplanten Dosis versorgt werden, bzw. die Lagerungsunsicherheiten
minimiert werden.

Bei Ganzkorperbestrahlungen ist abzuwégen, mit welchen Lagerungshilfen
der Patient immobilisiert werden kann, oder ob durch eine robuste
Bestrahlungsplanung Lagerungsunsicherheiten zu klinisch

vernachldssigbaren Dosisabweichungen im Patienten fihren.
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3.1. GANZKORPERBESTRAHLUNG MIT TOMODIRECT

Das Bestrahlungsgerat TomoTherapyHD von Accuray ermoglicht erstmals
eine Bestrahlung des Patienten durch die Technik TomoDirect. Diese
Technik  versprach  eine  neue und qualitativ.  hdherwertige
Ganzkorperbestrahlung bezlglich der Dosisverteilung im Patienten, als auch
der Robustheit. In  dieser Arbeit wurde erstmalig mit der
Ganzkdrperbestrahlung durch TomoDirect eine neue Einsatzmoglichkeit des

Bestrahlungsgerates TomoTherapyHD untersucht und beurteilt.

Auch wenn sich die berechneten Dosisverteilungen zwischen TomoDirect
und TomoHelical nur unwesentlich voneinander unterscheiden, wird
TomoDirect in dieser Arbeit aus folgenden Griinden bevorzugt:

a) Die mittlere Dosisleistung wird durch eine Vielzahl von nacheinander
abstrahlbaren Stehfeldern mit vordefinierten Gantrywinkeln
(maximal zwolf) mit TomoDirect reduziert. Dadurch sinkt das Risiko
einer Pneumonitis.

b) Die Dosishomogenitdt in zirkulierenden Blutzellen wird verbessert
[58].

c) Die Strahlkantenaufweitung tragt zu einer groBeren Robustheit bei.
Dadurch fihren Ungenauigkeiten der Lagerung im Bereich von bis zu
2 cm nicht zu Unter- oder Uberdosierungen. Die Patientenlagerung
erfolgte in einer Vakuummatte, ohne Kopfmaske. Verifikationsscans
zeigten nach der Fusionierung eine Abweichung kleiner 5 mm im

Hals Kopfbereich.

Erste Berechnungsvergleiche zeigten den Einfluss der
Bestrahlungsplanungsparameter Modulationsfaktor (MF), Pitch, und
FeldgrofRe auf die Dosisverteilung und die Bestrahlungszeit. Der MF hat
einen malgeblichen Einfluss auf die Dosishomogenitdt und die

Bestrahlungszeit. Erlaubt man im Optimierungsprozess einen MF > 2,

17
Dosimetrische und planungstechnische Untersuchungen der TomoTherapy



S. Howitz Inaugural-Dissertation

verlangert sich die Bestrahlungszeit wesentlich, wahrend keine weitere
Verbesserung der Dosisverteilung erreicht werden kann. Die FeldgrofRe
beeinflusst vorwiegend die Bestrahlungszeit, wahrend der Einfluss des

Pitchs vernachlassigbar ist.

Ein Vergleich der Dosisberechnungen zwischen der Translationstechnik mit
Lungenblocken und TomoDirect zeigte wesentliche Verbesserungen der

Dosishomogenitat in den Planungszielvolumina Ganzkérper und Lunge.

Die Dosishomogenitdt und —konformitdt fur Ganzkorperbestrahlungen zu
verbessern, war auch Schwerpunkt folgender Forschungsarbeiten.

Kasai et al [42] untersuchten verschiedene TomoTherapy-Techniken, um
Ganzkdrperbestrahlungen zu optimieren. Die Ergebnisse von TomoHelical
und TomoDirect unterscheiden sich ab drei Einstrahlwinkeln nicht
signifikant bezlglich Dosishomogenitdt und der Maximaldosis (D,). Die
umschlieRende Dosis (Dgg) ist jedoch erst ab vier Einstrahlrichtungen
akzeptabel. Der Unterschied zwischen TomoHelical und TomoDirect ist ab
sieben  Einstrahlwinkeln dann auch bezlglich des Dgg-Wertes
vernachlassigbar.

Wilhelm-Buchstab et al [89] zeigten auch mit TomoHelical eine deutliche
Verbesserung der Lungenschonung, ohne dabei Kompromisse an der
Zielgebietsdosis von Ganzkorperbestrahlungen einzugehen. Das zeigt
Moglichkeiten einer Dosiseskalation auf das Zielvolumen, wahrend die
biologisch effektiven Dosen fir strahlensensible Organe wie Lunge, Augen
oder Nieren nicht erhoht werden. Mit einer fluenzmodulierten
Bestrahlungstechnik fir Ganzkorper, wie dieser hier vorgestellten, sind
simultanintegrierte Boostbestrahlungen mdglich, beispielsweise auf das

Knochenmark [35, 41].
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Fur die dosimetrische Qualitatssicherung dieser Ganzkorperbestrahlung mit
TomoDirect kamen verschiedene Dosismessverfahren zum Einsatz. Mit dem
Delta4-Messsystem wurde die hochmodulierte Dosisverteilung im
Thoraxbereich verifiziert. Durch die hohe Auflésung der Anordnung der
Messdioden ermoglicht dieses Messsystem eine Verifikation der geplanten
Dosisgradienten zwischen den Lungen und dem Mediastinum. Eine prazise
Applikation der im Bestrahlungsplanungssystem berechneten
Dosisgradienten konnte so nachgewiesen werden.

Mittels TLD Messungen im RANDO-Phantom wurde die berechnete Dosis in
den Regionen: Hals und Kopf, Mediastinum, Lungen und Abdomen unter
Bericksichtigung der Dichteunterschiede im Phantom verifiziert. Die
Abweichungen waren kleiner als 5%.

Alle Patientenpldane wurden auf das homogene Festwasserphantom
,Cheesephantom®, Accuray, gerechnet und mit  der  A1SL
lonisationskammer, Standard Imaging, gemessen. Weiterfihrende Studien
zeigten Ergebnisse einer groReren Anzahl von 28 Patienten QA Messungen
mit einer sehr guten Ubereinstimmung zur Dosisberechnung: Mediastinum:

0.0% + 1.1% und Lunge: 0.3% + 1.8% [70].

TomoDirect ermoglicht fir Kinder bis hin zu Erwachsenen mit hohem Body-
MaR-Index eine robuste Ganzkdrperbestrahlung mit einer wesentlich
verbesserten Dosisverteilung im Vergleich zur bis dato verwendeten
Translationstechnik und hat sich in dem Universitatsklinikum Jena als

Methode der Wahl etabliert.
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3.2. DOSIMETRISCHE UNTERSUCHUNGEN

Die TomoTherapy stellt spezielle Anforderungen an die Dosimetrie [22, 82].
So ist eine Absolutdosimetrie unter Referenzbedingungen, nach DIN6800-2
[23] definiert, nicht moglich.

AuRerdem stellt die dynamische Bestrahlung Dosimetriesysteme vor die
Herausforderung, Korrektionsfaktoren far Feldgrolle, Energie,
Sattigungseffekte und Richtungsabhéangigkeit anzuwenden.

Mit diesen zwei Schwerpunkten beschaftigt sich diese Arbeit.

Alfonso et al [1] verdffentlichte 2008 einen Formalismus und flhrte einen
maschinenspezifischen Referenzkorrektionsfaktor ein. Dieser Faktor
bertcksichtigt verdnderte Ansprechvermogen von lonisationskammern
durch die maschinenbezogenen Referenzbedingungen in Bezug zu den
Kalibrierbedingungen. Fir die TomoTherapy werden so Einflisse durch
abweichende Feldgrofen (20x5 cm?), anderer Strahlqualitat (6-MV-
Photonenstrahl, ausgleichsfilterfrei) und beschrankten Quell-Fokus-Abstand
(85 cm) einbezogen.

Die  Ansprechvermogen konnen experimentell ermittelt werden,
beispielsweise mit Alanindosimetern zur Referenz.

Weitere Moglichkeiten bieten  Monte-Carlo-Simulationen.  Fir die
rechenbasierten Untersuchungen werden detaillierte Modelle von den
strahlformenden Beschleunigerképfen und Dosimetern erstellt. Fir die
Kommissionierung solcher Modelle sind sowohl umfassende Informationen
zum  Aufbau  (Geometrien, Materialien) als auch ein  hoher
Simulationsaufwand notwendig. Das Ansprechvermdégen ergibt sich aus der
berechneten Dosis in sensitiven Messvolumen zur berechneten Dosis in
einem kleinsten Wasservoxel unter definierten Strahlbedingungen, wie

Energie, FeldgrolRe, Messtiefe und Quell-Detektor-Abstand.
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Nach diesen Methoden wurden TomoTherapy-spezifische
Korrektionsfaktoren flr lonisationskammern fir ausgewahlte Detektoren
berechnet [52, 79, 91].

Die  deutsche Dosimetrienorm DIN  6800-2 [23] beschreibt
Korrektionsfaktoren in Abhdngigkeit des Strahlenqualitatsindex fir eine in
der Praxis groRe Auswahl eingesetzter Detektoren. Die Bestimmung muss
unter definierten Referenzbedingungen erfolgen, die, wie bereits
beschrieben, mit der TomoTherapy nicht moglich sind. Sauer [73]
publizierte eine analytische Methode, den Strahlenqualitatsindex
messtechnisch unter Nichtreferenzbedingungen zu bestimmen. Diese
wurde in dieser Arbeit durch unabhangige Monte-Carlo-Methoden fiir das
Bestrahlungsgerdt TomoTherapHD verifiziert.

Daftr wurde der TomoTherapyHD Strahlerkopf nach Herstellerangaben,
herausgegeben durch einen Kooperationsvertrag mit Accuray, in dem
Monte Carlo Code BEAMnrc [68] modelliert und kommissioniert.
Elektronenenergie und -strahlflache auf dem Target wurden dabei iterativ
bestimmt, bis simulierte und gemessene Dosisprofile (ibereinstimmten.
Durch  die  folgenden Monte-Carlo-Berechnungen  wurde  der
Strahlungsqualitdtsindex nach den Methoden von Sauer [73] und Palmans
et al [63], verifiziert:

e Vergleich zwischen Monte-Carlo-Methoden berechneten
StoRbremsvermogen Wasser zu Luft und analytisch ermittelten
StoRbremsvermogen, die in  direkter  Abhdngigkeit zum
Strahlungsqualitatsindex stehen [4].

e Monte-Carlo Berechnung des Gewebe-Phantom-Verhaltnis TPR,g 10
unter Referenzbedingungen

Der Strahlungsqualitdtsindex nach der Methode von Sauer [73] und Palmans
et al [63] wurde mit einer Genauigkeit von 0.5% verifiziert. Diese

Ungenauigkeit entspricht einer Unsicherheit von nur 0.1% flir den
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Strahlungsqualitatskorrektionsfaktor entsprechend der DIN 6800-2 [23] flr
lonisationskammern.

Das fir diese Arbeit kommissionierte Strahlerkopfmodell wurde in weiteren
Arbeiten [15, 29] weiterentwickelt, um helikale TomoTherapy-Plane mit
EGSnrc simulieren zu konnen. Damit ermoglicht es eine unabhangige

Planverifikation oder weitere strahlenphysikalische Untersuchungen.

Neben dem maschinenspezifischen Referenzkorrektionsfaktor beschreibt
Alfonso et al [1] einen planklassenspezifischen und einen klinischen
Korrektionsfaktor. Messsysteme, die aufgrund einzelner Planparameter
oder einer Kombination verschiedener Planparameter ein verandertes
Ansprechvermdgen aufweisen, werden o) korrigiert. Ein
planklassenspezifisches Referenzfeld entspricht einer Zusammensetzung
vieler Felder, die mit klinischen Planen vergleichbar sind.

Gago-Arias et al [28] generiert ein planklassenspezifisches Referenzfeld auf
ein zylinderférmiges Zielgebiet, 8 cm Durchmesser und 10 cm Ldnge, mit
einer homogenen Dosisverteilung von 2 Gy in einem zylindrischen
Festwasserphantom. Der helikale Bestrahlungsplan hat einen MF von 1.807,
eine FeldgroRe von 5 cm und einen Pitch von 0.287. Zwei klinische Plane,
die in dieser Studie untersucht wurden, unterscheiden sich zum
planklassenspezifischen Referenzfeld sehr stark bezilglich Einzeldosis: 1.6 &
18 Gy, Pitch: 0.1 & 0.287, FeldgréRe: 2.5 cm und MF 1.322 & 2.167. Die
Korrektionsfaktoren wurde fur die A1SL lonisationskammer experimentell
durch einen Vergleich mit Alanindosimetrie ermittelt. Ein Vergleich
zwischen maschinenspezifischen, planklassenspezifischen und klinischen
Korrektionsfaktoren zeigte trotz der groRen planparametrischen

Unterschiede eine sehr kleine Abweichung <0.5%.

Eine Auswertung der Patienten-Qualitatssicherung fir die ersten 500

helikalen TomoTherapy-Bestrahlungsplane mit dem Delta4 Phantom am
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Universitatsklinikum Jena zeigte im Mittel eine mediane Dosisabweichung
von 0.1% zum Bestrahlungsplan mit einer Standardabweichung von 1.5%.
Erste Untersuchungen zeigten einen signifikanten Zusammenhang zwischen
der Dosisabweichung von Messung und Rechnung zum Volumen der
Hochdosis. Als mégliche Ursache kann eine Anderung des Energiespektrums
mit dem Hochdosisvolumen gesehen werden. Je groRer das
Hochdosisvolumen ist, desto grofRer der Anteil niederenergetischer
Photonen, die zur Gesamtdosis beitragen. Eine Uberbewertung der
niederenergetischen ionisierenden Strahlung durch die im Delta4 verbauten
Dioden wurde daraufhin mit einem Dosis-Volumen-abhdngigen
Korrektionsfaktor ab der Softwareversion ,November-2014“ korrigiert.

In den letzten Jahren wurden viele Arbeiten veroffentlich, die
detektorspezifische Korrektionsfaktoren fir kleine Stehfelder experimentell
oder durch Monte-Carlo Verfahren ermittelten. Dabei wurden
lonisationskammern, Dioden und Diamanddetektoren untersucht [6, 9, 20,
26, 50].

Ein Einfluss der SubfeldgréRe von IMRT-Planen auf Ansprechvermogen von
Detektoren oder einzelner Messsysteme wurde dagegen kaum untersucht.
Der von Laub et al [49] beschriebene Volumeneffekt fir IMRT-Pldne mit
kleinen Feldern, kann eine Anderung des Ansprechvermégen hervorrufen,
besonders flr grofSe lonisationskammern.

Vereinfacht betrachtet bestehen Plane der helikalen TomoTherapy aus einer
Summe vieler Stehfelder, die sich wiederrum aus kleinen Subfeldern
zusammensetzen (0.66 ... 3.25 cm?). In dieser Arbeit wurde erstmalig eine
mittlere dquivalente SubfeldgrofRe fir die helikale TomoTherapy definiert.
Diese GrolRe liefert eine neue Moglichkeit, die Komplexitdt der
Bestrahlungsplane darzustellen. So zeigte sich, dass Optimierungen mit
vielen Iterationen und ein hoher MF zu Planen mit sehr kleinen Subfeldern

fUhren.
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Fir das diodenbasierte Dosimetriesystem Delta4 zeigte sich kein Einfluss der
Subfeldgroe auf das Ansprechvermaogen.

Eine systematische Untersuchung des Einflusses der &quivalenten
Subfeldgroe auf das Ansprechvermdgen weiterer Dosimetriesysteme, wie

das ArcCheck, oder einzelner lonisationskammern muss noch erfolgen.
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Abstract

on the left side and 869 £ 0.27 Gy on the right side.

between 3% and 5%.

the patient.

Background: The new TomcDirect™ modality offers a non-rotational option with discrete beam angles. We have
investigated this mode for TBI with the intention to test the feasibility and to establish it as a clinical routine
method. Special foci were directed onto treatment planning, dosimetric accuracy and practical aspects.

Patients and methods: TBI plans were calculated with TormoDirect™ for a Rando™ phantom and all patients with
an intended fractionated total body irradiation between November 2013 and May 2014 (n = 8). Finally, four of these
patients were irradiated with TomoDirect™. Additionally we studied variations in the modulation factor, pitch, field
width of Y-jaws and dose grid during optimization. Dose measurements were performed using thermoluminescent
rods in the Rando™ phantom, with the Delta4® and with ionization chambers in a solid water phantom.

Results: For all eight calculated plans with a prescribed dose of 12 Gy Dmean was 12.09-12.33 Gy (12,25 +0.08 Gy),
D98 11.2-11.6 Gy (11.45+£0.12 Gy) and D2 12.6-13.1 Gy (12.94 £0.13 Gy). Dmean of inner lungs was 8.73 £ 0.22 Gy

When single planning parameters are varied with otherwise constant parameters, the medulation factor showed
the greatest impact on dose homogeneity and treatment time. The impact of the pitch was marginally, and almost
equal homogeneity can be obtained with field width of Y-jaws 5 cm and 2.5 cm.

Measurements with thermoluminescent rods (n = 25) in the Rando™ phantom showed a mean dose deviation
between measured and calculated dose of 0.66 + 2.26%. 18 of 25 TLDs had a deviation below 3%, seven of 25 TLDs

Conclusion: TBl with TomoDirect™ allows a superior hcmogeneity compared to conventional methods, where lung
blocks are widely accepted. The treatment is performed only in supine position and is robust and comfertable for

TomoDirect™ allows the implementation of organ-specific dose prescriptions. So the discussion about the balance
between the need for aggressive treatment and limited toxicity can be renewed with the new potentials of
TomoDirect™ - for children as well as for adults — and possibly vield a better clinical outcome in the future.

Keywords: Total body irradiation, IMRT, Tomotherapy, TomoDirect

Introduction

Total body irradiations (TBI) are a special challenge
for treatment planning and dose application. The large
target size hampers the use of modern methods of radio-
oncology, like IMRT. Therefore conventional methods
are widely used, such as treatments with large source-
surface distances, arc techniques [1,2] and translational
methods [3,4]. Most of the current methods follow the

* Correspondence: henning.salz@med.uni-jena.de
Department of Radiation Oncology, University Hospital Jena, Bachstr, 18,
07749 Jena, Germany

( BiolMed Central

recommendations from the European group for Blood
and Marrow Transplantation (EBMT) [5], which suggest
to check the dose homogeneity along the patient’s midline
at several points and which specify the lung dose at a
point which is representative for more than 50% of the
lung volume. The use of physical blocks to reduce dose to
the lung, which includes lower dose under the blocks, is
widely accepted.

In recent years some TBI techniques such as arc tech-
niques have been enhanced [6,7]. According [7], the use
of an inverse optimization algorithm improves the dose

© 2015 Salz et al; licensee BioMed Central. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http//creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain
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homogeneity in comparison to conventional forward-
planned arc techniques. There, the achieved percentage
of the PTV which received 90-110% of the prescribed
dose was 75.8-90.2% (n =4). With these arc techniques
TBI can be performed even in normal treatment rooms.

The TomoTherapy” system (Accuray Inc., Sunnyvale,
USA) overcomes the geometrical limitations of classical
accelerators and allows the use of the advantages of
IMRT even for total body irradiation. First experiences
using the helical delivery mode have already been re-
ported by other groups [8-10]. Using this technique,
Gruen et al. reported an average dose received by 95% of
the target (D95%) for all patients (n = 10) of 11.7 Gy for a
prescription dose of 12Gy [9]. With the new TomoDirect™
modality, TomoTherapy® offers a non-rotational option
with discrete beam angles. This method is different in
some aspects from the helical mode. The dose is applied
through maximum twelve fixed beams, while the table is
moved through to the gantry. So it is comparable with an
IMRT with very large field lengths. First studies showed
that TomoDirect™ might be an efficient means to deliver
radiation at static angles for different indications [11,12],
and for craniospinal irradiation it is recommended [13]. In
our department this method is not used as an alternative
to the linac-based IMRT except for cases with very large
target volumes.

TomoDirect™ has the potential to improve TBI even in
comparison with the helical mode: (I) Because of the fact
that multiple fields are used, the treatment time from
the beginning to the end of the irradiation of the lung is
extended, which has the potential to decrease the risk of
interstitial pneumonitis. (II) TomoDirect™ allows a beam
expansion on both edges by a maximum of 5 leaves each
(3.125 cm at isocenter). This allows to ensure a sufficient
dose distribution even in the case of dislocations up to
2 cm of the surface.

We have investigated the TomoDirect™ mode for TBI
with the intention to test its feasibility and to establish it in
clinical routine for children as well as for adults even with
higher body mass indexes (BMI). Special foci were directed
onto treatment planning, dosimetric accuracy and practical
aspects. This work describes the new method and the re-
sults in detail and discusses differences to helical tomother-
apy and to our previous translational method with lung
blocks as well.

Materials and methods

Patient selection and dose prescription

All patients (7 adults, one child) with an intended TBI be-
tween November 2013 and April 2014 (n = 8) underwent
the planning process for TomoDirect™ to assess the feasi-
bility. Two of them were finally treated with the conven-
tional translational technique, four with TomoDirect™,
and two were not irradiated because of changing clinical
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conditions. Detailed characteristics of the patient selection
are shown in Table 1.

The prescribed dose for the total body was 12 Gy, the
dose per fraction was 2 Gy for children (twice a day) and
3 Gy for adults (one fraction per day). The prescribed
total lung dose was 8 Gy.

Immobilization and planning CT

Patients were immobilized in supine position in a vac-
uum cushion (UNGER Medizintechnik GmbH&Co KG).
Masks for head and neck fixation were not used. CTs were
performed at a wide-bore CT scanner Optima CT580W
(General Electric). Two CT scans (one head-first, one feet-
first) were necessary for patients taller than 1.45 m be-
cause of limited table motion capacities of the CT and
TomoTherapy”.

Contouring

Contouring was performed with Oncentra® (Elekta AB),
treatment planning was performed with TomoHD™,
Version 1.2.1. The following structures were created: outer
body contour, planning target volume (PTV) consisting of
body without skin (distance to the surface 5 mm), eyes,
spinal cord, lung and central lung (distance to thoracic wall
10 mm for adults). Additionally, a help target structure
was defined which consisted of the PTV, a small connec-
tion of the left and the right leg and a safety margin near
the shoulder and superior of the head. If the irradiation
was split into a head-first and a feet-first part, two “overlap
regions” covering a length of 3 ¢cm each were added be-
yond the PTVs. The upper overlap region should obtain
2/3 of the prescribed dose from the head-first plan and 1/
3 from the feet-first plan, the lower one 1/3 from the
head-first plan and 2/3 from the feet-first plan. By this a
gradual dose gradient was created to minimize the risk of
over- or underdosage by misplacement.

Treatment planning

The treatment planning was performed on the TomoTherapy”
planning station. The defined targets were in the order of
their priority settings in the inverse planning (1 = highest
priority): (1) left eye, (2) right eye, (3) spinal cord, (4) total
body, (5) left inner lung, (6) right inner lung, (7) “overlap
8 Gy”, (8) “overlap 4 Gy”, (9) second target (with the con-
nection between leg contours). Table 2 shows the con-
straints which have to be fulfilled. Additionally a sufficient
dose on the skin is also demanded.

Due to the technical limitation of the TomoTherapy”
table the possible table motion in long direction depends
on the table height. Therefore the table height was se-
lected (I) high enough to encompass the complete thorax
contour in the scan and (II) low enough to allow a large
table motion range.
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Table 1 Patient characteristics
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Patient no. Age (years) Sex Diagnosis

Body length (cm) Body weight (kg) Body mass index (kg/m?) Used treatment technique

1 40 f ALL recurrence 176 70
2 48 m  ALL 188 16
3 5 f ALL recurrence 104

4 34 m  AML 174 85
5 41 m  ALL 172 65
6 52 m  AML 175 97
7 33 f AML 172 85
8 37 m  AML 185 77

18,3

226 translational technique
328 translational technique
169 TomoDirect
28.1 TomoDirect
220 not treated
31.7 TomoDirect
287 not treated
225 TomoDirect

For adults, the maximum possible number of beams —12-
with equally spaced angles were used for the head-first-plan
(see Figure 1), four fields for the feet-first plan. TomoDirect™
allows to expand the beam angle on both edges by a max-
imum of 5 leaves each (3.125 cm at isocenter). This ex-
pansion is limited when leaves at the end of the MLC are
already in use. As a precaution against dislocation of the
patient or patient movement, for every plan the maximum
possible beam expansion was chosen.

Treatment plans were analysed according to ICRU 83
[14] including D2 (near-max dose), D98 (near-min dose),
mean and median dose, homogeneity index (difference
between D2 and D98 divided by the median dose), mean
doses of left and right inner lung and treatment time.

For a better understanding of the treatment planning,
we studied the effect of variations of the modulation
factor (MF), pitch, field width of Y-jaws (FW) and dose
grid during optimization for an adult case.

Backup concept

In clinical routine, the translational method was used as
a backup concept so it can be switched to it if a break-
down of the treatment unit occurs. Individual lung
blocks were manufactured for every patient before the
first fraction.

Dosimetric measurements

The tollowing dosimetric studies were performed: (I) Planning
and irradiation of a RANDO™ phantom (Radiology Support
Devices, Inc., Long Beach, USA) containing thermoluminescent

Table 2 Constraints of the targets and organs-at-risk
which have to be fulfilled for an accepted plan

Organ

Constraints corresponds at 12 Gy

(lung 8 Gy) to
Total body D98 > 90% D near-min > 10.8 Gy
D2<110% D near-max < 13.2 Gy
Inner lungs D med < 75% D median < 9 Gy
V prescr dose > 90% V 8 Gy > 90%
Eyes D max < 105% D max <126 Gy

rods (TLDs), (II) verification of a planned case with a
Deltad” system (Scandidos AB, Uppsala, Sweden). In clin-
ical routine the following measurements were performed
for every patient: (III) recalculation of planned cases in
a cylindrical solid water phantom (“Cheese phantom”,
TomoTherapy®) and measurements with ion chambers
Exradin® A1SL (Standard Imaging Inc.) in regions repre-
senting lung, mediastinum and leg, (IV) in-vivo dosimetry
with TLDs (ten positions with 3 TLDs each). They are po-
sitioned in different regions, especially in those where a
higher risk of possible dislocations can be expected (shoul-
der, overlap regions).

Patient setup verification

Phantoms and patients were positioned using the MVCT
scanner of the TomoTherapy® system before delivery of
every fraction. The scans were taken from the caudal
edge of the eyes to the pelvis. The images were automatic-
ally fused with the kV planning CT and verified manually
in all views. Besides the position of the patient outline and
vertebral bodies, critical structures like eyes and lung were
particularly monitored.

Results

Treatment planning

All calculated dose plans were in agreement with the de-
fined constraints (Table 3). D near-min (D98) was 11.45
+0.12 Gy (mean+S.D.) for the head-first plans and
11.72+0.18 Gy for the feet-first plans, the near-
maximum dose (D2) was 12.94 + 0.13 Gy for the head-
first plans and 12.78 + 0.19 Gy for the feet-first plans.
Dmean for the left and right inner lung were 8.73 £
0.22 Gy and 8.69 + 0.27 Gy.

The treatment time per fraction was 45.7-68.9 min for
the head first plans and 12.3-16.0 min for the feet-first
plans of the adults (fractional dose 3 Gy).

Variations in the MEF, pitch and FW for head-first plans
(fractional dose 3 Gy) with twelve beams and with other-
wise constant parameters yield different dose-volume-
histograms (DVH) and treatment times (see Figure 2). If
the planned modulation factor was between 1.25 and 2
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Figure 1 Twelve beams with equally spaced angles were used for the head-first-plan. The beams were expanded (yellow part of the
beam) laterally on both edges by a maximum of 5 leaves each (3,125 cm at isccenter). This expansion is limited if leaves on the end of the MLC
are already used because of the patient size.

Table 3 DVH results (hf = head-first plan, ff = feet-first plan, HIl = homogeneity index = difference between D2 and D98
divided by the median dose, see [14])

Patient no. Dose per Time per D98 [Gy] D2 [Gy] D50 [Gy] HI Dmean [Gy] Dmean [Gy]
head/ feet first fraction [Gy] fraction [min] inner lung left inner lung right
1-hf 3Gy 596 15 1341 1237 0.129 868 843

2 - hf 3Gy 689 114 13.0 1223 0.131 891 8.76

3-hf 2Gy 29, 1.2 127 1213 0.124 8.29 8.22

4 - hf 3 Gy 505 115 129 1230 0.114 8.76 8.65

4 - ff 3Gy 135 114 13.1 1230 0.138

5 - hf 3Gy 457 115 130 1235 0.121 364 8.69

5 - ff 3Gy 123 11.8 124 12.09 0.074

6 — hf 3Gy 590 116 130 1238 0.113 9.03 AR

6 - ff 3Gy 14.7 11.8 127 122 0.074

7 - hf 3 Gy 457 1.5 130 1234 0.122 869 8.70

7 -ff 3 Gy 160 118 128 12.19 0.082

8 - hf 3 Gy 499 114 128 1225 0.114 886 893

8- ff 3Gy 139 118 126 12.18 0.066

Range hf 45.7-689 (without pat. 3) 11.2-11.5  127-131  1213-1237 0.114-0.131  820-903 8.22-911
Range ff 123-160 114118 126-131  1209-1230 0066-0.138

Average hf 54.2 (without pat. 3) 11.45 12.94 12.29 0.121 8.73 869

Average ff 141 11.72 1278 1218 0.087
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Figure 2 Dose volume histograms of total body (head-first plan), lung and inner lung as a function of modulation factor (MF), pitch
and field width of Y-jaws (FW). Values, if not varied are: MF = 1.5, pitch =025, FW =25 cm.
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Table 4 Results of TLD measurements in the Rando™
phantom (negative values mean a lower dose in the
calculated plan)

No of Mean [%] Standard dev.>5% dev. >3%

Region
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(pitch was 0.25, FW was 2.5 cm), the DVH of the target
showed an increased homogeneity with increasing MEF,
while the treatment time per fraction was also increased
(MF planned 1.25, finally 1.44: 40.8 min, MF = 1.5/1.72:

TLBs deviation 45.7 min, MF = 2.0/2.26: 60.3 min, MF = 5/5.58: 145 min).
Head and neck 4 —347 111 0 3 If the planned MF was greater than 2, the dose homogen-
Thorax without 7 -1.19 115 0 0 eity was not improved with increasing MFE, while the treat-
g ment time became longer.
Lung 10 1.1 184 0 2 If the pitch changed from 0.25 to 0.5 (MF was 1.5, FW
Abdomen 4 -140 210 0 2 was 2.5 cm), there were only small differences determin-
Al 25 _066 226 0 7 able in the DVHs, and treatment times changed only
minimally (45.7 vs. 45.8 min). In some cases we ob-
served fewer hot or cold spots if the pitch was smaller.
Modification of the field width had considerable influ-
ence on the treatment time (FW = 2.5 em: 45.7 min, FW =
p
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Figure 3 Results of a dose measurement of a TBI plan with the dose verification system Delta4® in the thorax area. The target was
truncated below the stomach for this measurement to allow the use of this system without undesired irradiation of the radiosensitive electronic
parts of the Delta4®.
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5 cm: 24.0 min), while the quality of the DVH was nearly
constant.

A critical point can be the dose grid. It was observed
that differences between the calculated dose distribution
before and after final dose calculation can locally amount
to 1 Gy if the optimization was not performed with the
fine dose grid, which should be taken into account for the
optimization. This is especially important for small organs
with strong maximum criteria as the lens.

Dose verification measurements

Planning and irradiation of a RANDO phantom with
thermoluminescent rods showed a mean deviation of
0.66 +.2.26% between calculation and measurement
(Table 4). 18 of 25 TLDs showed a deviation smaller
than 3%, no TLD showed a deviation larger than 5%.

The dose measurements with the dose verification sys-
tem Deltad” in the thorax (see Figure 3) showed a me-
dian dose deviation of 1.5%. The dose deviation was less
than 3% for 89% of the diodes in the high-dose area and
in the lung. Figure 3 shows a line dose from the left to
the right side in the thorax.

The measurements with the ion chamber in a cylindrical
phantom (“Cheese phantom”, TomoTherapy®) showed a
mean error in the mediastinum of 1.1 + 1.5%, in the lung
of 22+1.8% and in the leg of 1.8% +0.7% of the calcu-
lated dose.

Patient immobilization and setup verification

Patient immobilization and setup verification were well
tolerated. For the correction of set-up errors the main
focus was on a correct positioning of the cranio-thoracic
area (vertebrae, lung). Setup errors in the head area after
correction amounted to 5 mm or less.

Discussion

The introduction of intensity modulated TBI techniques
has the potential to homogenize the dose to the target
and to reduce the prescribed dose on specified organs
(see Figure 4). A comparison with the conventional trans-
lation method with lung blocks reveals a much higher
homogeneity in the target with TomoDirect™ (Figure 5).
Irradiation in prone position is not necessary, which is
more comfortable for the patient.

The limited table motion capacity of the table of both
TomoTherapy® and CT has to be considered carefully.
We decided to start in head-first position, then to turn
the vacuum cushion and subsequently treat feet-first. So
we have two target volumes: one in the head-first CT
beginning from the head and one in the feet-first CT
(legs, feet) with a defined distance to each other. The
definition of two “overlap regions” with an extension of
three cm each enables smooth dose gradients in each
plan to avoid critical overdosage and underdosage. The

Page 7 of 9

Figure 4 Dose distribution (in Gy) of a TBI head-first treatment
plan. sodoses: 14 Gy (red), 13 Gy (orange), 12 Gy (green), 11 Gy
(green), 10 Gy (light blue), 9 — 8 — 6 — 4 — 2 Gy blue (stepwise).

cumulative dose in this region was measured in-vivo
with TLDs.

Treatment planning
Treatment plans with a very good dose homogeneity can
be obtained with different parameters.

Our studies showed that the modulation factor (MF)
has the most prominent impact on dose homogeneity
and treatment time especially if it is between 1 and 2. Be-
yond these values, the treatment time is prolonged without
an effect on treatment plans. For that reason the planned
modulation factor should be smaller than 2. A small pitch
can be helpful for patients with a large diameter to avoid
few small underdosage regions near the skin. No note-
worthy differences were seen for smaller patients.

Comparing treatment plans calculated with a field width
of 5 cm and 2.5 c¢m, the treatment time differs by a factor
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Figure 5 Comparison of dose-volume-histograms for the translational method with lung blocks and TomoDirect™. The DVH of the
treatment plan of the translational technique was calculated with Oncentra, the comparison is done with Oncentra as well.

of 2 whereas almost equal homogeneity can be obtained.
We prefer a treatment time of approximately one hour for
adults in this study as a compromise between a lower
mean dose rate in the lung and the patient’s comfort. Be-
cause of the above-named considerations, a MF of 1.5, a
pitch of 0.25, a field width of 2.5 cm and a fine dose grid
already during inverse planning are used now as default
values.

Patient immobilization and setup verification
TomoDirect™ requires a higher accuracy in patient posi-
tioning than conventional methods. On the other hand,
the use of a vacuum cushion and the MVCT option en-
sure a sufficient accuracy.

Because the beams include up to five additional open
leaves at the edges, set-up errors up to 2 ¢cm can be toler-
ated. Therefore no masks for head and neck were used.

Comparison between static and helical tomotherapy

The main difference between static and helical TomoTherapy”
is that with TomoDirect™ the body gets the dose from up
to 12 fixed beams. So it is similar to a linac-based IMRT
but with a very large field length. Taking into account that
for the irradiation of one beam between 3.5 min and
5 min are needed, the irradiation time for single organs
or points in the body is 30-60 min. With helical
TomoTherapy®, the full fractional dose per point is given
in one portion with a duration less than one minute. Ac-
cording to [15] the toxicity to the lung is more dependent

on the average dose rate than on the maximum or instant-
aneous dose rate. An irradiation with several beams pro-
longs the treatment time per fraction of the lung and can
be less toxic than one beam, but there is no clinical evi-
dence up to now.

A second point of view is the dose heterogeneity in
circulating blood. Malloy et al. [16] showed that the blood
dose heterogeneity is improved by the use of longer treat-
ment times and reduced dose rates for sequential tech-
niques like IMRT and TomoTherapy®. It is reported
furthermore, that the dose heterogeneity is on the order of
magnitude of + — 10% for a treatment time of 20 min and
a (theoretical) 2 min (125 s) perfusion period, which cor-
responds to heterogeneity values that are typically consid-
ered acceptable when evaluating traditional TBI [16].

Considering these results, dose heterogeneity in circulat-
ing blood cells is improved with TomoDirect™ compared
to helical TomoTherapy” for typical treatment times, per-
fusion rates and cell types.

The third difference are the additional open leaves at the
edges of the beam. In helical mode it is not possible to cre-
ate such a beam expansion. So set-up errors up to 2 cm can
be tolerated and masks for head and neck can be omitted.

Independent of that, a voxel based dose algorithm as
reported in [17] has the potential to implement adaptive
radiotherapy and to improve the robustness for helical
TomoTherapy”.

Finally, the dose distribution is sufficient with both
techniques, perhaps with less hot spots with TomoDirect™.
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In [9] dose peaks of up to 130% were observed in small vol-
umes with helical TomoTherapy’. For most cases we did
not find dose maxima larger than 120% with TomoDirect™.
The near-max dose D2 was between 12.7 and 13.1 Gy for
all cases.

Potential use

TomoDirect™ allows the implementation of organ-specific
dose prescriptions. So the dose to sensitive structures can
be lowered which has the potential to reduce acute and
chronic morbidity. Otherwise it is supposed [18,19] that
“more dose in the target is better” if the biologically effect-
ive doses in lung, kidney and eyes are not increased. So
this technique may allow delivery of higher doses or
dose escalation with limited toxicity to normal critical
structures. Irradiation with simultaneous integrated boost,
e.g. for bone marrow, are in the realm of possibilities for
TBI now.

Conclusion

With the new TomoDirect™ modality, the TomoTherapy®
system combines the conventional translational method
for TBI with the possibilities of IMRT. There are clear ad-
vantages compared to conventional methods which make
it very attractive: excellent homogeneity, dose sparing of
specific organs and comfort can be assumed to be for the
benefit of the patient. The discussion about the “delicate
balance” [18] between the need for aggressive treatment
and limited toxicity can be renewed with the new poten-
tials of TomoDirect™ - for children as well as for adults —
and possibly yield a better clinical outcome in the future.
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Abstract

Reference dosimetry by means of clinical linear accelerators in high-energy photon fields requires the determination of the
beam quality specifier TPR2q jo, which characterizes the relative particle flux density of the photon beam. The measurement
of TPRg 10 has to be performed in homogenous photon beams of size 10 x 10 cm? with a focus-detector distance of 100 ¢m.
These requirements cannot be fulfilled by TomoTherapy treatment units from Accuray. The TomoTherapy unit provides a
Hattening-filter-free photon fan beam with a maximum field width of 40 cm and field lengths of 1.0 cm, 2.5 cm and 5.0 cm
at a focus-isocenter distance of 85 cm.

For the determination of the beam quality specifier from measurements under nonstandard reference conditions Sauer and
Palmans proposed experiment-based fit functions. Moreover, Sauer recommends considering the impact of the flattening-
filter-free beam on the measured data.

To verify these fit functions, in the present study a Monte Carlo based model of the treatment head of a TomoTherapyHD
unit was designed and commissioned with existing beam data of our clinical TomoTherapy machine. Depth dose curves
and dose profiles were in agreement within 1.5% between experimental and Monte Carlo-based data.

Based on the fit functions from Sauer and Palmans the beam quality specifier TPR2¢ 10 was determined from field sizes
5xSem?, 10 x Sem?, 20 x 5cm? and 40 x 5cm® based on dosimetric measurements and Monte Carlo simulations.
The mean value from all experimental values of TPR2g 1o resulted in TPRog 19 = 0.635 £ 0.4%. The impact of the non-
homogenous field due to the flattening-filter-free beam was negligible for field sizes below 20 x 5 ¢m?. The beam quality
specifier calculated by Monte Carlo simulations was TPR>p 10 = 0.628 and TPR2¢ 10 = 0.631 for two different calculation
methods.

The stopping power ratio water-to-air s

.o directly depends on the beam quality specifier. The value determined from all
experimental TPR2g 10 data was sﬁ. o = 1.126 £ 0.1%, which is in excellent agreement with the value directly calculated
by Monte Carlo simulations. The agreement is a good indication that the equations proposed by Sauer and Palmans are
able to calculate the beam quality specifier under reference conditions from measurements in arbitrary photon field sizes

with high accuracy and are applicable for the TomoTherapyHD treatment unit.

Keywords: TomoTherapyHD, Monte Carlo simulation, Beam quality specifier, Photon dosimetry
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1 Introduction

According to national and international dosimetry protocols
[1-3], clinical reference dosimetry for medical accelerators is
based on the experimental determination of the beam qual-
ity index (BQI). Regarding high energy photon beams there
are two different beam quality specifiers in use: the tissue-
phantom ratio at a depth of 20cm and 10 em (TPR2g10) [1.2]
and the value of a normalized depth dose curve at the depth of
10 cm (%dd) [3]. In both cases the beam quality index has to be
determined under reference conditions, meaning a field size
of 10 x 10em? with a homogenous fluence distribution and
a source-axis-distance (SAD) of 100 cm or a source-surface-
distance of 100 cm (SSD). For TomoTherapy treatment units
these reference conditions cannot be realized, the field length
is limited to 5 ¢cm and the SAD is 85 cm. Moreover, as there
is no flattening filter in the beam, the resulting beam profiles
are non-homogenous [4-6].

To overcome the field size problem, Sauer [7] and Pal-
mans [8] proposed different fit functions to calculate the beam
quality specifier TPR20,10(10 x 10cm?) from measurements
in arbitrary field sizes. Both fit functions are based on exper-
imental data, mainly taken from BJR Suppl.25 [9].

However, these fit functions are based on flattened pho-
ton beams. Their applicability to the unflattened beam of
a TomoTherapy unit will be investigated in this study by
Monte Carlo simulations. Many authors have proven that espe-
cially within the Monte Carlo codes PENELOPE and EGSnrc
[10,11] the transport of photons and charged particles (elec-
trons and positrons) is adequately implemented and both codes
are able to calculate the ion chamber response with an accu-
racy of 0.1% relative to its own cross-sections, even in the
case of complex geometries. In the present study we have
applied the EGSnrc [12] and BEAMnrc [13] Monte Carlo
system to build the complete treatment head of a TomoTher-
apyHD unit. With this model Monte Carlo based TPR-values
for different field sizes were calculated and compared with
experimental values. Applying the equations from Sauer and
Palmans the beam quality specifier BQI was calculated. The
Monte Carlo model of the TomoTherapy unit also facilitates
in calculation of the TPR under reference conditions, i.e. the
direct determination of the beam quality specifier TPR.

2 Material and methods

2.1 Determination of beam quality in arbitrary field
sizes

The photon beam quality specifier as defined in national
or international codes of practice, like DIN 6800-2 [I]
or IAEA TRS-398 (2], equals the tissue phantom ratio

Table 1

Parameters for Eq. (2) valid for 0.62 < 0 <().8 taken from Sauer [7].
by: —0.208 £0.022 Ay +0.625 +0.036 ' +19.5+2cm
by: +1.2134+0.030 Az: —0.679 £0.050

TPR2010(10 x 10cm?),! which is the ratio of measured dose
values determined in a water phantom in depths of 20cm
(Dap) and 10cm (Djg), in a constant source-to-detector dis-
tance (SDD) of 100 cm and a field size of 10 x 10 cm? at the
SDD plane (Eq. (1)):

Dy
TPRy,10 = — (n
] Dy

Due to the mentioned design, TomoTherapy users can only
determine TPR values in smaller fields, since the maximal
square field length (s) available at these machines is s=
Scm. In 2009 Sauer [7] published a method to determine
the beam quality specifier TPR2p,10(10 x 10 cm?) from mea-
sured TPR>0 10(s) data. Based on published TPR2g 10(s) data
[9] for square field lengths 4 cm < s <40 ¢cm and own measure-
ments for 6 MV and 10 MV photon beams (2em <s<40cm)
he derived a fit for the beam quality specifier BOI:

TPR3.10(10 x 10cm?)

_ TPRy10(s) — b1 — Aj(1 — /")
a by + Ag(1 — e=3/1)

(2)

with

s: length of the square field,
Ay, Aa, by, by, t: fit parameters (see Table 1).

According to Sauer, the fit is applicable for square field
lengths 4 cm < s <40 cm and values of the beam quality spec-
ifier 0.62 < TPRyp 10 <0.8. In all cases, the difference in TPR
determined from a small field and applying Eq. (2) from the
measured value at the field size 10 x 10cm? was not larger
than 1% [7] for conventional linacs. For rectangular fields
with side lengths a, b the equivalent square field lengths (s¢,)
according to the conversion table A.2 listed in BJR Suppl.25
[9] may be applied.
The fit from Sauer was simplified by Palmans [8]:

TPRg,10(s) + 0.0165(10 — 5)

TPRyo 10 = 3
20,10 1+ 0.0165(10 — 5) (3)

I The German dosimetry protocol DIN 6800-2 defines Q as the beam quality
index for high energy photon beams, i.e. O =TPR>y 0. In contrast, interna-
tional codes of practice (CoP) like IAEA TRS-398 uses the symbol Q only as
a general symbol to indicate the quality of a radiation beam independent of
the type of radiation. The beam quality index for high energy photon beams
18 TPRyp 10-
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Eq. (3) is valid for a smaller range of field lengths
4em<s<12cem and nominal photon energies
4AMV<E<I12MV with a maximum relative difference
to the values of Eq. (2) of 0.24%.

2.2 Impact of non-flattened beams

The expressions described above (Egs. (2) and (3)) were
derived using measured depth dose data from flattened pho-
ton beams. The non-uniformity of the dose profile in a beam
generated without a flattening filter (FFF beam) results to dif-
ferences in phantom scatter that would influence the dose
variation with increasing depth. These can be of the order
of 4% in 6MV field size of 40 x 40 cm? [14,15].

According to Sauer [7] the difference in phantom scatter
for both types of photon beams can be taken into account
by a modified equivalent square field length s,y rrr in FFF
beams. The modification proposed by Sauer is based on a
model function for the scatter contribution on the central axis
for circular fields published in BJR Suppl.25 [9]:

Sy = Sooll — e N2 M"%e%” ") “

with:

S,: normalized central axis scatter dose in a field of radius r;
Soo: normalized central axis scatter dose in a field of infinite
radius;

r: field radius;

ris: radius of a field giving a scatter dose on central axis of
Ssal2;

Ju: energy-dependent parameter.

According to Tab. A.Ilin BJR Suppl.25, the parameter p for
6 MV photons equals zero and ryj; is 4.6 cm. The parameter a
can be determined with the help of Fig.(A.1) in BJR Suppl.25,
where the ratio §,/S is plotted as a function of r/ry;. For
r=ryp the resulting value S,/S+ equals 0.5. Based on these
data, the parameter a is just @ =1In(2) and for our case Eq. (4)
is simply:

Sr/Sc=1— o~ (In(2)r/4.6.cm) )

To apply Eq. (5), the equivalent square field lengths must first
be converted into equivalent circular field sizes r.,. This can
be done by applying Tab. A.1 from BJR Suppl. 25, which
was done in the present study or by using the approxima-
tion rpy 72 5,/(0.9 - 2). To consider the impact of unflattened
dose profiles, i.e. the changed phantom scatter contributions,
the equivalent field radius r., has to be modified. Sauer [7]
assumed that the off-axis ratio at half of the equivalent radius
Feq in a depth of 10 cm, OAR(r,,/2), is approximately equal to

the phantom scatter reduction:

OAR(@) h:S’fJ:
2/ Sx Ses

1 — e*(ln(2)rﬂ,,‘pp,r/ﬁl.bc‘m)
(6)

resulting in an expression for the equivalent field radius
Feq,FEF, correcting the reduced scatter contribution in FFF
beams:

T 1 4.6cm (7)
ALl Y T—T )

Finally the flattening-filter-free circular field radius (r.q rrr)
must be converted into an equivalent square side length
(Seq.Frr) (see above).

The addendum to the 1990 United Kingdom dosimetry
code of practice recommends the application of Eq. (3) for
TomoTherapy machines [16] for a field of 10 x 5cm? and
ignores the influence of the non-flattened beam. The veri-
fication of this recommendation is also goal of the present
study.

2.3 Dosimetric measurements

The experiments were done in the PTW MP3T water
phantom, which has a size of 60 x 50 x 34 cm?. In all mea-
surements it was ensured that there was at least a thickness of
7 cm backscatter material. Preliminary experiments were con-
ducted to verify that this thickness is sufficient for backscatter
equilibrium.

2.3.1 Experimental determination of beam quality
specifier

TPR2g,10 measurements were performed in photon fields
of sizes 5 x5 cmz, 10 x 5cm2, 20 x 5cm? and 40 x 5cm?
with a source-to-detector distance (SDD) of 85 cm. To inves-
tigate a possible impact of the ion chamber on measured TPR
values, three different chambers were used: PTW-31016 Pin-
Point (sensitive volume V=0.016cm?), SunNuclear A1SL
(V=0.053 cm?) and PTW-31003 Semiflex (V=0.125cm?). In
this way we were able to exclude the influence of flattening-
filter-free-related volume-averaging effects [17] on the TPR
measurements. The dosimeter readings were corrected for air
pressure and temperature. In a preliminary study possible sat-
uration effects of the ion chambers were investigated. The
saturation correction k, for the PTW chambers was determined
experimentally at water depths 10 and 20 cm using the two-
voltage method [ 18] according to the German code of practice
DIN 6800-2 [1] applying a voltage ratio of 400 V/100 V. For
the PTW-31016 PinPoint chamber the saturation effect was
up to 0.7%, but as there was no difference of k; between the
measurement depths 10cm and 20 cm for all chambers and
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field sizes the correction was not taken into further consider-
ation for TPR measurements. According to McEwen [ 19] the
polarity effect for the PinPoint chamber is negligible and was
therefore also not considered.

Regarding the impact of the FFF beam on scattered dose
(see Eq. (6)), isocentric dose profiles at a depth of 10cm and
a SDD of 85cm were measured with the PTW-31016 Pin-
Point for each field size: 5 x 5em?, 10 x Sem?, 20 x Scm?
and 40 x 5cm?.

2.3.2 Commissioning of the Monte Carlo based
accelerator

For the commissioning of the Monte Carlo model, rela-
tive profiles and depth dose curve measurements with SSD
of 85cm and depths of 5cm, 10cm and 20 cm for the field
size of 20 x 5cm? were performed. Profiles for the field
sizes 10 x 5 cm2,40 ] sz, 10x 2.5 cmz, 20 x 2.5¢m? and
40 x 2.5 cm? were additionally measured at a depth of 10 cm.
All these depth dose and profile measurements were per-
formed with a PTW-30106 PinPoint chamber.

2.4 Monte Carlo simulations

The EGSnrc code system [ 12] was used for all Monte Carlo
simulations. A model of a TomoTherapyHD treatment head
was commissioned with the BEAMnrc user code [ 13] for static
beams with jaw openings of 2.5 cm and 5.0 cm. The treatment
head was modeled according to detailed design information
supplied by Accuray. The unknown parameters such as the
energy of the primary electrons hitting the target and the elec-
tron spot size on the target were determined iteratively by
comparison of measured and simulated profiles at a depth of
5cm for the field size 20 x Scm? in a water phantom sized
60 x 60 x 60 cm?® and an SSD of 85 cm.

Additionally, a PDD for the same field size and further
profiles in depths of 10 and 20cm were calculated. Fur-
thermore, profiles and PDDs for the field sizes 10 x Ssz,
40 x 5em?, 10 x 2.5cm?, 20 x 2.5em? and 40 x 2.5cm? in
10cm depth also with an SSD of 85cm were simulated.
Moreover TPR2q, 10(s) simulations for field sizes 5 x 5em?,
10 x 5¢m?, 20 x 5em? and 40 x 5 cm? were performed. To
calculate TPRyqg 10 under reference conditions, the jaw and
primary collimator opening of our virtual TomoTherapyHD
Monte Carlo model were adjusted to the appropriate field size
of 10 x 10cm? at the SDD plane. All these simulations were
performed with the EGSnrc user code egs_chamber [20], using
the modeled TomoTherapy treatment head as the source. The
chamber used for all the measurements (PTW PinPoint 31016)
was included in the Monte Carlo simulations. This chamber
was already used in several Monte Carlo studies of our group,
chamber details may be found in Czarnecki and Zink [21].

To account for a potential impact of the ion chamber on
calculated dose values, the TPR calculations were additionally
performed in a small water voxel of radius r=0.15cm and

height 7 =0.3 cm at the different depths in the water phantom.
This voxel size is a good approximation for the necessary
point dose in the non-homogenous beam of the TomoTherapy
unit, i.e. a further reduction of voxel size did not change the
calculated dose value Dy, [22].

The stopping power ratio water-to-air s, , is directly related
to the beam quality specifier TPRog.10. According to Andreo
[23] eq. (8) holds and may be applied to compare and evaluate
the experimental and Monte Carlo-based values for the beam
quality specifier:

54 . = 1.3614 — 1.2963 - TPR, 10 + 2.5302 - (TPR2, 10)>

— 1.6896 - (TPR29 10)° (8)
For that reason sﬁ‘a was calculated applying the user code
SPRRZnrc [24] under reference conditions, i.e. at a depth of
10 cm with a field size of 10 x 10 cm?. The air- or water-filled
cavity used for this calculation was a cylinder with r=0.05 cm
and 7=0.01 cm in a water phantom with a radius of 30 cm
and a height of 60 cm. A phase-space file from our virtual
TomoTherapyHD unit generated with BEAMnrc was used as
the source for this calculation.

For all Monte Carlo simulations using the codes
egs_chamber and SPRRZnrc the threshold/cut-off energies for
the particle transport was set to ECUT=AE=521keV for
electrons as well as positrons and PCUT=AP=10keV for
photons. The BEAMnrc simulations were performed with val-
ues ECUT=AE=700keV and PCUT=AP=10keV in favor
of calculation time.

3 Results

3.1 Commissioning of the TomoTherapyHD Monte
Carlo model

A comparison of Monte Carlo calculated and measured
depth dose curves and profiles is shown in Fig. 1. The best
agreement of the depth dose curves was achieved with a
Gaussian spectral distribution of the primary electrons with
a full width at half maximum (FWHM) of 0.126 MeV and
a mean energy of 5.0 MeV. Compared with published data
from Thomas et al. [25] (Ep=5.6MeV) and Jeraj et al. [5]
(Ep=6.0MeV) our determined primary electron energy is
considerably smaller, but one has to keep in mind that these
published values were determined for the older TomoTherapy
HiArt machines. The TomoTherapyHD unit investigated here
has a different target design and newer publications [26,27]
confirm our finding that the energy of the primary electrons is
well below 6 MeV.

As shown by Wang et al. [28], the penumbra of the dose
profiles strongly depends on the focal spot size. Therefore
the spot size was optimized by comparing the measured and
Monte Carlo-based penumbra size of the 5 x 20 cm? field in
the lateral (x) and longitudinal (y) directions at a depth of
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Figure 1. Comparison of Monte Carlo calculated (symbols) and measured (lines) profiles and depth dose curves of the commissioned
TomoTherapyHD treatment unit. (a) x-Profiles for jaw opening 2.5 cm at a depth of 10 cm. (b) x-Profiles for jaw opening 5.0 cm at depths
5cm, 10cm and 20 cm. (¢) Depth dose curves for field size 5 x 20 cm?®. (d) y-Profiles for field size of 5 x 20 cm? at depths of 5cm, 10cm
and 20 c¢m and field size 2.5 x 20 cm? at 10 cm depth. The error bars for the Monte Carlo data indicate the type-B uncertainties; within the

field they correspond to the symbol width.

5cm. The best results were accomplished with an elliptical
spot size with Gaussian distributions in both directions. In the
x direction the determined FWHM value was 0.18 cm. in the
y direction 0.10 cm. For the field size used for optimization,
measured and simulated profiles and depth dose curves agree
better than AD/Ad = 1%/1 mm.

With the determined parameters the profiles and PDD’s
for the field sizes 10 x Scm?, 40 x Scm?, 10 x 2.5¢m?,
20 x 2.5 cm? and 40 x 2.5 cm® were evaluated; the agreement
in all cases was almost better than AD/Ad = 1%/1 mm.

3.2 Determination of beam quality index

The equivalent field sizes for our measurements at the
TomoTherapyHD unit and the impact of the non-flattened
beam according to Eq. (7) are summarized in Table (2).

Fig. 2 shows the measured and Monte Carlo-based
TPRyp 10(s) values as well as the resulting beam quality

specifier according to the different approaches described in
Section 2.1.

As expected, the measured and Monte Carlo-based
TPR>0p.10 values as a function of the equivalent field length
s increase with increasing field size (open symbols in Fig. 2).
The experimental data taken with the three different ion cham-
bers agree within 0.5%.

Regarding the Monte Carlo-based TPR>q 0 values, only
those including the ion chamber (PTW 31016) during simu-
lations are shown in Fig. 2. The TPR2g 1o values calculated
in the water cylinder agree within statistical uncertainty with
those including the chamber, proving that the chamber has no
impact on TPR measurements. For clarity the water voxel data
are omitted in Fig. 2.

The agreement between experimental and Monte Carlo-
based TPR3g.1¢ values is A <0.8% and therewith a further
proof for the correct modeling of the TomoTherapyHD treat-
ment head.
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Figure 2. Measured and Monte Carlo-based TPRyg o values as a function of the equivalent square field length s and resulting data for the
beam quality specifier (BQI) according to the different approaches given in Section 2.1. The data point for s= 10 cm, TPR2,10(10 x 10 cm?)
was calculated under reference conditions, i.e. with the field size of 10 x 10ecm? at an SDD =100 cm. For all Monte Carlo data the ion
chamber PTW-31016 PinPoint was included in the simulations. The horizontal lines represent the mean value and standard deviation of all
experimental based BQ/ values. The error bars for the Monte Carlo data indicate the type-B uncertainties.

Applying Egs. (2) or (3) and accounting for the impact of
the FFF beam (see Eq. (7) and Table 2) the beam quality
specifier was calculated based on the experimental measured
TPR>,10 values. These results are shown as bold stars and
crosses in Fig. 2. Neglecting the impact of the FFF beam
as recommended by Thomas et al. [16], the BQI values are
somewhat smaller, shown as pluses (3) and thin stars (2). The
largest deviation between the different methods to determine
the beam quality specifier and applying different field sizes is
below 1.0%, even when the impact of FFF beams is neglected.
The average of BQI regarding all experimental data sets is
TPR>p.10 = 0.635 with a standard deviation of +0.4%, shown
by the dashed horizontal line in Fig. 2.

Additionally Fig. 2 includes the Monte Carlo calculated
value for the beam quality specifier which was calculated
under reference conditions, i.e. with an SDD of 100 cm and a
field size of 10 x 10 cm? at SDD plane. The numerical values

Table 2
Geometrical and effective field sizes for the TomoTherapyHD unit
and impact of the unflattened beam on the equivalent field size.

Geometrical field Seq Yeq OAR(rey/2) Teq.FFF Seq.FFF
size in cm? incm incm relative incm incm
S x5 5.0 2.80 0.97 2.71 49
105 6.7 375 0.97 3.62 6.5
20% 5 7.9 4.40 0.97 422 7.6

40 x 5 8.3 4.60 0.97 437 79

are TPRyp 10 = 0.628 + 0.6%, calculated with the PTW-
31016 PinPoint chamber and TPRap 10 = 0.631 £ 0.34%
calculated within the water cylinder. As one can see, these
values are somewhat smaller than those determined from true
TPR measurements. However, regarding the uncertainties of
the different values, the experimental BQI-value is in good
agreement with our Monte Carlo-based value determined
under reference conditions.

Using the experimental BQ! value TPRog 19 = 0.635 and
applying Eq. (8) a value for the stopping power ratio s;f‘,ﬂ =
1.126 £ 0.1% is obtained. The Monte Carlo-based value, cal-
culated with the user code SPRRZnrc using a phase space file
from our modeled TomoTherapyHD unit with jaw openings
of 10 x 10ecm? and a SDD of 100 cmis 52 , = 1.126 £ 0.1%,
which is in perfect agreement with the experimental value.

4 Discussion

According to all present dosimetry protocols [1-3] clini-
cal photon beam dosimetry is based on reference conditions
which cannot be fulfilled with TomoTherapy treatment units.
The determination of the photon beam quality specifier
BQI=TPR 10 requires measurements within a water phan-
tom with a field size of 10 x 10cm? and a source-to-detector
distance of 100cm. Both conditions cannot be realized at
TomoTherapy treatment units, since the maximum field size
at these machines in one direction is limited to 5 cm and the
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source-to-axis distance for these machines is 85 cm. More-
over, due to the absence of a flattening filter TomoTherapy
units are not able to create homogenous dose profiles, which
is a prerequisite for the application of present dosimetry codes
of practice. Mainly based on data from BIR Suppl.25 [9] Sauer
[7] and Palmans [8] developed fit functions to determine BO!
from TPR measurements in arbitrary photon field sizes. Addi-
tionally Sauer suggests a method to include the impact of
flattening-filter-free beams in the determination of BQI. The
determination of the beam quality specifier based on TPR2g 10
measurements and Monte Carlo simulations for different field
sizes and the application of the approximations proposed by
Sauver [7] and Palmans [8] given in Egs. (2) and (3) resulted in
consistent BO/! values varying by no more than £0.5%, with
the exception of the largest field size (40 x 5cm?) when Eq.
(3) is applied. In that case a deviation from the mean value of
about 1% was determined. As can be seen in Fig. 2, the con-
sideration of the impact of the FFF beam on the resulting BO/
as proposed by Sauer is negligible for the field sizes used in
the present study. This result is in agreement with the findings
of Thomas et al. [16], warranting the recommendation in the
United Kingdom code of practice [16].

The impact of the above mentioned variation of the deter-
mined BQI value of £0.5% on the resulting beam quality
correction factor kg and therefore on measured dose-to-water
in the energy range investigated here is around 0.1%, which
is negligible for clinical dosimetry. Therefore, from a prac-
tical clinical point of view the correction of the equivalent
field length (see Section 2.2) can be omitted as long as
small-volume ion chambers (V <0.125cm?) in field sizes
>5 x 5cm? are used.

The present study is based on experimental data and Monte
Carlo simulations and the comparison of both data sets. The
results, which couldn’t be gained by experiments alone once
again show the usefulness of Monte Carlo simulations to solve
dosimetric problems.

5 Conclusion

The present study confirmed that the method developed
by Sauer and developed further by Palmans can be used for
the determination of the beam quality index of TomoTherapy
treatment units from measured TPR values under the nonstan-
dard reference conditions. Furthermore it was confirmed that
the change in phantom scatter as a result of the non-flat beam
in FFF beams does not influence the determination of the BQ/
value with this method.
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Abstract

Introduction: Helical TomoTherapy allows a highly conformal dose distribution to complex target geometries with a good
protection of organs at risk. However, the small field sizes associated with this method are a possible source of dosimetrical
uncertainties. The IAEA has published detector-specific field output correction factors for static fields of the TomoTherapy
in the TRS483. This work investigates the average subfield size of helical TomoTherapy plans.

Material and methods: A new parameter for helical TomoTherapy was defined — the fluence-weighted average subfield
size.

The subfield sizes were extracted from the leaf-opening time sinograms in the RT-plan files for 30 clinical prostate and head
and neck plans and were put in relation to Delat4 Phantom+ measurement results.

Additionally the influence of planning parameters on the subfield size was studied by varying the modulation factor, number
of iterations and pitch in the dose optimization and calculation for three different clinical indications H&N, prostate and
rectum cancer. Selected plans were dosimetrically verified by Delta4 measurements to examine the reliability in dependence
of the average subfield size.

Furthermore, the impact of the planning parameters on a) the dose distribution, with regard to the planning target volume
and regions at risks, and b) machine characteristics such as delivery time, actual modulation factor and leaf-opening times
were evaluated.

Results: The average equivalent square subfield lengths (S.,) of the two investigated indications did not differ significantly
— prostate plans: 2.75 £ 0.14 cm and H&N plans: 2.70 £ 0.16 cm, both with a jaw width of 2.5 cm. No correlation between
field size and measured dose deviation was detected.

The number of iterations and the modulation factor have a considerable influence on the average subfield size. The higher
the planned modulation factor and the more iterations are used during optimization, the smaller is the subfield size. In our
pilot study plans were calculated with field sizes 5., between 4.2 cm and 1.7 cm, with a jaw width of 2.5 cm. Again, the
measurement results of Delta4 showed no significant deviation from the doses calculated by the TomoTherapy planning
system for the whole range of subfield sizes, and no significant correlation between field sizes and dose deviations was
found. As expected, the clinical dose distribution improved with increasing modulation factor and an increasing number
of iterations.

The compromise between an improved dose distribution and smaller 5., was shown.

* Corresponding author: S. Howitz, University Hospital Jena, Department of Radiation Oncology, Germany.
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plans.

Conclusion: In this work, a method was presented to determine the average subfield size for helical TomoTherapy plans.
The response of the Delta4 did not show any dependence on field size in the range of the field sizes covered by the studied

The influence of the subfield sizes on other dosimetry systems remains to be investigated.

Keywords: Helical TomoTherapy, Small field dosimetry, Subfield size, Modulation factor, Numbers of iteration

1 Introduction

Helical TomoTherapy (Accuray, Madison) is a fluence-
modulated radiation therapy technique using a rotating
radiation source in combination with a continuous treatment
table increment, moving the patient through the gantry bore in
longitudinal direction. During irradiation, the beam is shaped
dynamically by the binary multi-leaf collimator [1,2]. This
specific method of fluence modulation enables a highly con-
formal dose distribution to the target, especially for complex
target geometries, with a good protection of organs at risk, as
proven in several previous investigations [3,4,5-8].

It is essential in radiation therapy to ensure that calculated
dose distributions can be applied correctly to the patient. For
this purpose, the accuracy and precision of the irradiation
machines is essential. The impact of the leaf opening time
on the reliability of helical TomoTherapy radiation has been
investigated by several studies [9—11]. It has been shown that
the actual leaf opening times differ from the planned leaf
opening times, which leads to uncertainty in dosimetric mea-
surements and, most importantly, the application. Very short
or very long leaf opening times — relative to the projection
time — should be avoided by optimizing the pitch and/or the
jaw opening width [9].

A second source of possible uncertainties are the small field
sizes contained in the TomoTherapy irradiation plans. The
International Atomic Energy Agency (IAEA) published field
output correction factors for TomoTherapy for static small
fields in the Technical Report Series 483 [12]. According
to Crop et al. [13] the largest perturbations of small field
dosimetry were caused by the volume averaging effect and
the difference between the mass density of the ion chamber
sensitive volume and that of the medium water [14].

However, no absolute dosimetry of static small fields is
mandatory for TomoTherapy users. Even the commission-
ing of the TomoTherapy machine against the golden beam
data, on which the planning systems are based, is done by
dosimetric measurements of some helical TomoTherapy plans
with ionization chambers. The smallest possible field size in
TomoTherapy plans is 0.625cm x 1.0cm with one opened
leaf and the smallest Y-Jaw opening. This would lead to cor-
rection factors greater than 1.02, according to TRS 483 [12]. It
is not possible to avoid such small field sizes in a simple way,
e.g. defining a minimum field size in the Treatment Planning
Station (Accuray, Madison). Additionally, the amount of such
small fields, e.g. one opened leaf, is unapparent.

This work is focused on the uncertainties of dose distri-
bution verification caused by the dosimetry of small fields
[15,16] for helical TomoTherapy. The goal of the present work
was to investigate the influence of field size on dosimetry
results for clinical quality assurance according to DIN6875-3
[17].

For this purpose, a new parameter was defined to describe
the complexity of helical TomoTherapy plans: the fluence-
weighted average subfield size. It was investigated how
the reliability of the measurement system Delta* Phantom+
(Scandidos, Uppsala) depends on this average subfield size.
Furthermore, we investigated the impact of three planning
parameters — pitch, modulation factor and the number of iter-
ations — on the average field size. Additionally, the influence
of these planning parameters on the clinical dose distribution
and machine characteristics was examined.

2 Material and methods
2.1 Average subfield size

There is still no definition of a subfield size for helical
TomoTherapy irradiation plans. In the following section, a
detailed definition for a fluence-weighted average subfield and
an explanation of how the subfield size can be extracted from
the TomoTherapy RT-Plan DICOM file will be given.

2.1.1 Definition of average subfield size

The definition of the average subfield size is based on a
simplification that is used by the Planning Station (Accu-
ray, Madison) as well: one gantry rotation is divided into 51
equidistant gantry directions, which are called projections.
During each projection the fluence modulation is realized by
individual leaf-opening times (LOT), each open leaf of each
projection defining one beamlet. These opening times are
summarized in form of a sinogram in the RT-Plan DICOM
file, a two-dimensional data array consisting of rows repre-
senting projections and 64 columns representing the leaves.
This simplification is discussed in detail by Sterpin et al. [18].

In this work the subfield was defined as a rectangular area
shaped by the adjacent open leaves in lateral direction (x),
and the jaws in longitudinal direction (y), projected into the
isocentric plane. Since every leaf has an individual LOT, the
pattern of subfields changes not only between projections but
also within each projection (since some leaves open or close
earlier than others).
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The contribution of each subfield to the total planned dose
depends on its photon fluence. To take this into account, we
introduce a new parameter: the fluence-weighted average sub-
field size. This value was obtained by averaging the field size
of all subfields, weighted with their respective photon fluence,
over the whole treatment procedure. The average longitudinal
length (y) was equal to the jaw width. Dynamic jaws were
not considered in this work, because they were not available
in our institution at this time. The average subfield width (x)
depended on the number of adjacent open leaves. The photon
fluence was related to the opening time of the leaves forming
the subfield. Two additional influences on the fluence were
taken into account: (a) the inhomogeneous photon emission
probability of the target for flattening-filter-free LINACS and
(b) the field-size-dependent output factor.

a) Because of the flattening-filter-free (fff) mode of the linac,
the open leaves at the edge of the maximum field have a
lower photon fluence compared to central leaves with the
same LOT. To take this effect into account, lateral beam
profiles were measured for the field size 40 x 2.5 cm? with
a PinPoint chamber 31016 (PTW, Freiburg) in the water
phantom MP3-T (PTW, Freiburg) with a source-to-surface
distance of 75 cm in a depth of 10 cm. The measured lat-
eral dose profile was normalized to one in the isocenter
and divided into beamlets. In this way, for each beamlet
a specific flattening-filter-free (fff) correction factor was
obtained.

b) The output factor (OF) is defined as the ratio of the central
dose of a field with an arbitrary field size and the dose of a
square field with a length of typically 10 cm.

However, in this work, the reference field was 40 x 2.5 cm?
(all leaves open). Output factors were measured for rectangu-
lar fields in the range of 1-64 open leaves (7,]) (corresponding
to a field width of 0.625 cm to 40 cm) and a longitudinal jaw
width of 2.5 cm in solid water phantom slabs in the TomoTher-
apy isocenter, i.e. at a source-to-surface distance of 75 cm,
in a depth of 10cm and interpolated by a symmetrical sig-
moid function. In this way we were able to determine the OF
for each field size (OFj,,). Due to its small sensitive volume
and advantages in small field dosimetry, the microDiamond
detector 60019 (PTW, Freiburg) was used [19]. Preliminary
experiments showed that the OF on the central axis is within
0.8% equal to the OF in the periphery of the radiation field at
15 cm distance from the isocenter, i.e. the dependence of the
output factor on the lateral field position was neglected.

2.1.2 Determination of average subfield size

A MATLAB tool was developed to analyze the sinogram
information in the RT-Plan DICOM files. The scheme in Fig. |
and the following section explain the methods of this devel-
oped tool. First the LOTs were extracted from the private tag
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multiplying output factors with opening times
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fluence - weighted average field size =
fluence-weighted average number of opened leaves for all projections
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Fig. 1. Illustration of the definition and determination of the
fluence-weighted average subfield size for TomoTherapy. The
fluence-weighted average field size for projection one according to
the illustrated example is 3.9 cm? with a jaw opening of 2.5 cm and
the leaf width of 0.625 cm. All quantities are exemplary and are
chosen to facilitate the understanding.
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and translated into ASCII, see Fig. | part A. The LOT of each
beamlet in the sinogram was multiplied by the fff factor to take
the inhomogeneous photon emission probability into account,
see Fig. 1 part B. Thus, the modified sinogram contained the
fff-profile-weighted opening time (OT%) for each beamlet.
Subsequently the subfields were extracted depending on their
smallest connected OTY, Fig. 1 part C. The OT were added
up for each subfield size, i.e. for each number of adjacent
open leaves (n,]), over all (m) projections (pr), see Fig. | part
D. Finally, these weighted opening times, summed for each

subfield size (OTn{{;f ), were multiplied by the corresponding

output factor (OF}, ), see Fig. 1 part E. For each subfield size,
i.e. n1, the fluence-weighted opening time (OT,") resulted:

oTrV = Zj":mfff - OF,, (1)

ol Nol

Hence, the average number of open leaves (n ZW) for the
whole treatment plan was determined by:

n,64 FW
W _ 2ot (OT,,;" - not) @

ol ny64 FW
Z"ol 1 OTnnl

Finally, the average subfield width in x-direction (X) was
obtained by multiplying the average number of adjacent open
leaves by the leaf width (0.625 cm):

*=nf"0.625 cm (3)

The subfield length in y-direction (y) was given by the jaw
opening, which was constant during the whole radiation, due
to the used fixed jaws.

From these fluence-weighted average subfield parameters X
and y, the rectangular area can be calculated by simple multi-
plication of X and y. In this work, the fluence-weighted average
subfield size is described by the dosimetrically relevant param-
eter, the equivalent square subfield lengths (5¢4) according to
Worthley [20]:

“4)

Seq = 2 Ty
In addition to the mean subfield size, the distribution of
subfield sizes was also statistically evaluated. For this, the
fluence-weighted opening times for each subfield size used
in the plan were evaluated and plotted cumulatively. Thus the
dose contribution applied by small fields can be evaluated.

2.2 Evaluation of clinical plans
First, 30 clinical patient plans from two of the largest groups

of patients on our TomoTherapy machine — 15 prostate and 15
head and neck plans — were retrospectively evaluated and the

average subfield size parameters 5., were determined. These
Seq were set in relation to the results of the dosimetric plan
verification for clinical acceptance according to DIN6875-
3 [17]. This quality assurance procedure was performed as
follows.

The dose distribution of the Helical TomoTherapy plans
was verified by measurements with the biplanar diode
array Delta4 Phantom+ (Scandidos), software version Octo-
ber2016. The phantom contains 1069 p-Si diodes with a
volume of 0.00004 cm® with 5 mm spacing in the central area
(6 x 6cm?) and 10 mm spacing for areas up to 20 x 20 cm?,
respectively [21-23]. A cross-calibration was done with a
simple helical treatment plan before the plan measurements
to consider possible output variations of the TomoTherapy
machine, according to Salz et al. [24]. The evaluation param-
eter was the global gamma index with dose deviation and
distance to agreement criteria of 3%/3 mm for clinical accep-
tance [25,26]. Only diodes that received more than 60% of
the prescribed dose were used for the analysis, according to
our clinical quality assurance procedure. The threshold was
chosen because the main goal of our quality assurance is the
verification of the prescribed doses in the high dose region.

2.3 Impact of planning parameters

Three different clinical cases were used to investigate the
impact of the planning parameters pitch, modulation factor
(MF) and the number of iterations during optimization on the
average subfield size.

Three plans from our database were chosen: a prostate
cancer planning target volume (PTV) with 162cm® (78 Gy,
2 Gy/fx), a base of tongue cancer with an integrated boost
planning target volume of 176cm? (61.48 Gy, 2.12 Gy/fx)
embedded in a lower dose planning target volume of 635 cm?
for the uninvolved lymph node regions (53.65 Gy, 1.85 Gy/fx),
and a rectum cancer planning target volume with adjacent
lymph nodes of 2176 cm® (45 Gy, 1.8 Gy/fx). The three indi-
cations were chosen in order to cover different types of PTV
geometries. All chosen plans are in accordance with our clin-
ical and dosimetric constraints.

The pitch is defined as the ratio of couch travel per gantry
rotation divided by the fan beam width [27]. Chen et al. [28]
and Kissick et al. [29] are recommending pitches of 0.86/n
with the integer multiple n>1 to avoid a prominent thread
effect.

The MF is defined as the ratio of the longest LOT and the
average nonzero LOT [27]. The TomoTherapy planning sys-
tem exclusively allows determining a maximum MF during
the planning process, which is called planned modulation fac-
tor (MFpja,). The higher the parameter MF),,, is, the higher
is the intensity range that can be reached during optimization.

The number of iterations during optimization has the
largest impact on the planning time. The planning time in
this study ranged between a few minutes (20 iterations) to
several hours (9999 iterations). Helical TomoTherapy is a
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fluence-modulated radiation technique, and the treatment
plans are obtained by iterative inverse planning [30,31]. Dur-
ing each iteration, the dose distribution is evaluated by means
of an objective function based on the dose-volume constraints
and weighting parameters, the intensities for all beamlets are
updated, and the dose is recalculated.

The planning parameter values that were combined in this
plan study were as follows: MF ., =1.3, 2.0 and 4.0, and the
number of iterations =20, 100, 500 and 9999, with a constant
pitch of 0.287. Furthermore the pitch was changed between the
values 0.14, 0.287 and 0.43 while the MF},,, and the number
of iterations were held constant at 2.0 and 100.

The jaw width in longitudinal direction was constant at
2.5 cm with fixed jaws, which is the most frequently used jaw
opening for clinical plans. It is often the best compromise
between the dose fall-off in longitudinal direction and deliv-
ery time as long as dynamic jaws (TomoEDGE™) are not
available [32].

The dose-volume constraints and weighting parameters of
the initial three clinically accepted plans were kept at the same
values, and the plans were re-optimized with varied plan-
ning parameters. Every optimization process of each PTV
started with the same set of initial beamlets, which was pre-
calculated. The used optimization constraints and weighting
parameters were chosen so strictly that most of them could
not be fulfilled, even with the highest modulation. Instead
of just trying to reach certain constraints for all organs at
risk or other healthy tissue, we tried to save as much dose
as possible but to ensure a good dose coverage of the target
volumes.

To achieve a good PTV coverage but also a steep dose
gradient to the normal tissue, a three-dimensional margin of
5 mm around the PTV was defined. The dose constraints in
this region were given a very low weight, while strong con-
straints were defined for the normal tissue. This results in a
steep dose gradient within the 5 mm margin.

The Planning Station software, version 5.1.0.4 (Accuray,
Madison), was used for the optimization and dose calculation
of the helical TomoTherapyHD plans. For dose calculation
TomoTherapy uses a convolution superposition algorithm.
During the optimization the dose grid was set to “normal”,
i.e. half the CT resolution in axial plane (128 x 128) and
CT resolution in longitudinal direction (2.5 mm). The final
dose calculation and phantom calculations were based on the
“fine” dose grid. Here, the resolution matches the CT voxel
resolution (256 x 256 in the axial plane).

This pilot study included 42 calculated plans with the pre-
viously described planning parameters in total. The average
subfield sizes were evaluated with MATLAB. The quality
assurance measurements were done for the plans with the
largest and smallest average subfield size for each case.

Furthermore this study was used to investigate the impact
of the planned modulation factor and the number of iterations
on clinical dose distribution, see section 2.3.1, and selected
machine characteristics, see Section 2.3.2.

2.3.1 Clinical dose distribution

Evaluation metrics such as the homogeneity index HI, the
conformity index CI, the coverage index COVI and the differ-
ent dose-volume constraints for affected organs at risk were
used to compare the different plans regarding the clinical dose
distribution.

The ratio of dose values delivered to 2% and 98% of the
PTV (D29, D9gg,) was used to evaluate the dose homogeneity
HI in this volume:

Dq,
H = D2
Dogo,

&)

The closer the HI is to one, the better the dose uniformity
in the PTV.

The conformity index (CI) is defined as the ratio of the
treated volume that is enclosed by 95% of prescribed isodose
(Virear) and the PTV volume (Vpry), originally proposed in
ICRUG62 [33]:

Cl = Vireat 6)
Verv

The closer the ratio is to one, the smaller the volume of
normal tissue receiving the prescribed dose.

The coverage index (COVI) is the ratio of PTV volume that
is enclosed by 95% of the prescribed isodose (Vpry.sreqr) and
the whole PTV volume (Vpry).

Vpry-
CcovVI = PTV-treat (7)

Verv

The closer the COVI is to one, the better the dose coverage
of the PTV.

For the evaluation of planning target volumes, the indices CI
and COVIwere considered together. With an optimal coverage
of the target area and at the same time highly conformal dose
distribution, both indices are equal to one. If more healthy
tissue than necessary is irradiated, the COVI may remain 1,
but the CI will be >1. On the other hand, if healthy tissue is
irradiated with the prescribed dose, but the planning target
volume is under-dosed, the CI can still assume the desired
value 1, in this case, COVI will be <1.

The evaluation of the head and neck plan relates exclusively
to the simultaneously integrated boost, since the evaluation
of the low dose planning target volume is influenced by the
overlap with the high dose volume.

For the specific plan types, selected organs at risk were
evaluated according to the following exemplary parameters
and clinically relevant dose constraints. For the prostate can-
cer plans, the rectum volumes receiving at least 40 Gy (V4o Gy)
(RTOGO0534) were compared. The head and neck cancer plans
were compared with respect to the median dose (D;;eq) of
the contra-lateral parotid gland and D,,.qs of the mandible.
For the rectum cancer plans the mean bladder doses were
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compared (RTOGO0415). The investigation of these dose vol-
ume constraints was intended to illustrate the dependency of
the protection of contoured organs at risk on the planning
parameters.

2.3.2 Machine characteristics

All machine evaluation parameters were analyzed that are
available in the Planning Station software: the delivery time
of the treatment, the actual modulation factor (MF,.), the
average leaf-opening time (L OT) and the relative number of
opened leaves with an LOT shorter than 70 ms, which corre-
sponds to one third of the maximum leaf-opening time for the
highest gantry rotation speed. A full leaf opening or closing
process takes 11-17 ms. Before the final dose is calculated,
leaf opening times lower than 20 ms are deleted from the sino-
gram. Leaf closing times that are too short to be realized by
the MLC, i.e. less than 18ms between two projections, will not
be considered in the final dose calculation. Thus it is possible
that leaves which are assumed to be closed for a short time in
the calculation actually remain open during the application.

The MF,. is the LOT ratio after the final dose calcula-
tion, contrary to the planning parameter and threshold value
MF 4y, used during the optimization process.

The LOT information is obtained from the LOT histogram,
which is available in the Planning Station after the final dose
calculation. The smaller the average LOT and/or the larger the
proportion of opened leaves with a small LOT are, the higher
the uncertainty of fluence application caused by an imprecise
traveling time of the binary MLC becomes, as explained in
detail by Lissner et al. [11].

3 Results
3.1 Average subfield size for clinical plans

Fig. 2 shows the evaluated 5., of 30 different clinical
helical TomoTherapy plans for prostate and head and neck
patients in dependency on the results of the quality assurance
measurements with the Delta4. The average of 5,4 for the
prostate plans is 2.75 cm (standard deviation: £0.14 cm) and
do not differ significantly from the H&N plans with 2.70 cm
(standard deviation: £0.16 cm). The median dose deviation
between dose measurement and Planning Station calculation
18 +0.44% = 0.4% for prostate plans and 0% =+ 0.7% for H&N.
In the small range of 5,4 no correlation with the dose deviation
was detected.

3.2 Impact of planning parameter

3.2.1 Average subfield size

Fig. 3 shows 5., as a function of the MFp4,, MF 4. and
the number of iterations for all investigated plans. It was in
the range of 1.7 cm (prostate PTV; MF e, =2.3; MFpiu,=4;
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Fig. 2. Average fluence-weighted equivalent square subfield lengths
(S¢¢) in dependency on the quality assurance measurements with
Delta4 for each 15 head and neck and prostate radiation plans.

9999 iterations) to 4.2 cm (rectum PTV; MF 4o = MF 10, = 1.3;
20 iterations), which corresponded to a rectangular subfield
area of 3.2 cm? to 32.2 cm?. A strong correlation between the
number of iterations and the average subfield size 5., was
observed.

With anincreasing MFj;4,, or anincreasing number of itera-
tions, 5., decreased for all investigated treatment plans. MF
showed the same trend, but did not correlate with 5, strongly.

The impact of pitch on subfield size was very small. The
differences between the 5., in dependence on the investigated
pitches were smaller than +0.5 mm.

Further important investigations concerning the subfield
size statistics were possible when considering the cumulative
fluence as a function of the fluence-weighted subfield size, as
shown in Fig. 4. The fraction of photon fluence contributed
by each subfield size is added up, beginning with the small-
est subfield size. A comparison of two rectum cancer plans,
(plan 1) 20 iterations and MF s =MFpj,, = 1.3 and (plan 2)
9999 iterations and MFye;=3.5 (MFpq, =4), shows that the
median of the total fluence is given by a rectangular subfield
area <32cm? for (planl) and 2.4 cm? for (plan2). The sub-
field composition of the head and neck and the prostate cancer
treatment plan showed comparable results for the investigated
parameters. In the rectum cancer plan all the subfield sizes
were larger. Furthermore, Fig. 4 shows the large impact of
the number of iterations on the subfield sizes contained in the
plan.

The median dose deviation ( AD,,,.4) between measurement
and dose planning, the passing rate for the gamma criterion
3%/3 mm and the more sensitive criterion 1%/1 mm are tabu-
lated in Table 1 for the plans with the smallest and largest s,
of each indication. The measurement results are in sufficient
agreement with the calculated dose in the Planning Station.
The gamma passing rate is >99.7% for each measured plan
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Table 1

Results of the Delta* Phantom+ quality assurance measurements. The median dose deviation from the calculation (AD,,.;) and Gamma
Index passing rates for two different criteria are shown for six different plans with specific average subfield size (s,,). The head and neck
plan with 9999 iterations was measured on three different days to evaluate the reproducibility.

PTV region Iterations MFae; (MFpian) Seq ADyyeq Passing rate Gamma Index 1%/1 mm Passing rate Gamma Index 3%/3 mm
Rectum 20 1.3 (1.3) 42cm  —0.7% 75.7% 100.0%
9999 3.5(4.0) 2.7cm 0.2% 94.4% 100.0%
Prostate 20 1.3(1.3) 34cm 0.7% 68.5% 99.7%
9999 2.3 (4.0) 1.7cm 0.2% 90.3% 100.0%
Head and Neck 20 1.2 (1.3) 3.6cm  —0.3% 83.7% 99.8%
dayl 9999 1.4 (4.0 1.8cm 0.3% 79.0% 100.0%
day2 0.3% 83.5% 100.0%
day3 0.3% 80.7% 100.0%

with a 3%/3 mm criterion and is therefore clinically acceptable
[34]. To evaluate the influence of the MF and the number of
iterations with a higher accuracy, the gamma criterion was set
to 1%/1 mm. Applying the stronger criterion, the passing rate
dropped by up to 20%. However, neither the gamma criterion
nor the dose deviation of the measurement results showed a
significant correlation with 5.

In order to exclude daily variations of the TomoTherapy
machine and the Delta4 and to investigate the reproducibility,
the H&N plan with MF e, = 1.4 (MFppq, =4) and 9999 itera-
tions was measured on three different days. The median dose
deviation was 0.3% for all the measurements, taking the daily
dose rate correction into account, which varied by about 0.2%.

3.2.2 Clinical dose distribution

Fig. 5a and b shows the homogeneity HI, coverage CI and
conformity COVI indices in dependence on MFu,, MF e
and the number of iterations for the rectum PTV in row one,
the prostate in row two and head and neck high dose planning
target volume in row 3, respectively.

The following trends were observed: Optimization with an
MFpjq, of 1.3 resulted in heterogeneous dose distributions in
the target volumes and worse target coverages compared with
optimizations with MF),,, > 2 for prostate and head and neck
PTVs. However homogenous plans with good target coverage
were achieved with small MF,. for these two indications.
For the large-volume rectum PTYV, the homogeneity HI and
the COVI were independent of the MF and the number of
iterations.

Furthermore, a considerably decrease of the conformity
index CI may be achieved by a higher number of iterations
for the rectum cancer PTV. The higher the number of itera-
tions, the better the sparing of the normal tissue, while the
PTV coverage remained good for MF,;., > 2. However for
the prostate and the head and neck PTV no strong depen-
dency between the number of iterations and an improved CI
was observed. The results show an increase of CI with rising
MF ¢, and MFpy,, for these two types of plans.

Fig. 6a and b shows the influence of the number of iter-
ations in combination with the value of MF,, or MF,,

respectively, on the dose sparing of selected organs at risk.
The best protection was achieved by the highest MF,, and
highest number of iterations for each investigated region of
interest. The higher MFj;4,, the higher the influence of the
number of iterations; however, from 500 to 9999 iterations it
is negligible in nearly all cases. Solely for the bladder in the
rectum cancer plan did the increase from 500 to 9999 iterations
have a noticeable impact.

When considering MF ., instead of MF ), the same behav-
ior is visible.

3.2.3 Machine characteristics

Fig. 7a and b shows the delivery time, average leave-
opening time and the number of open leaves with an opening
time <70 ms as a function of MFp,,, and MF,,, respectively,
and the number of iterations. Additionally Fig. 7a shows the
dependency of MF,.; on MFpy,, and the number of iterations.

The delivery time depended on the MF),,, and may increase
by up to a factor of two.

The L OT increased with the number of used iterations for
the prostate and head and neck plan. With a higher MF,,
the impact of the number of iterations on the L OT became
higher. Particularly for the prostate cancer and head and neck
cancer plans the average LOT increased to up to 220%. For
the large-volume rectum PTV, the L OT did not differ.

The relative number of leaves with opening times <70 ms
increased with MF ., and MFp,,, for each value of the number
of iterations. The number of iterations did not show a system-
atic influence on the fraction of opened leaves with a short
LOT for all three indications. In the rectum PTV plans the
fractions of LOT <70 ms increased with an increasing num-
ber of iterations for the whole range of MF),,,. The prostate
plans had shown this dependency only for the highest MF ;.
The head and neck plans showed the smallest fraction of small
LOTs for the plans with the highest number of iterations for
all values of MFj4.

It was evident that the actual modulation factor MF,;
depended on the number of optimization iterations, with the
exception of the prostate plan with MF);,, =4 and 9999 iter-
ations. The higher the number of iterations, the lower MF,;
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Fig. 6. (a, b) Dose sparing of selected organs at risk — bladder for the rectum cancer plan (top left), rectum for the prostate plan (top right),
the mandible and the contra-lateral parotide for the head and neck cancer plan (bottom left and right) — is shown as a function of the planned
and actual modulation factor and the number of optimization iterations.

was. This effect was more pronounced with higher planned
modulation factors MF,.

The MF . of the rectum plans showed no strong depen-
dency on the number of iterations between 20, 100 and 500
iterations.

4 Discussion

This work defined for the first time an average subfield size
for helical TomoTherapy radiation treatment plans.

The analysis of 30 clinical plans showed an average 5., of
2.7cm with a small standard deviation of £0.2 cm, regard-
less of the target area. The field output correction factors are
defined in TRS 483, Table 24 [12] for different ionization
chambers and diodes. For most solid state detectors listed,
the factor is between 0.99 and 1.01 in this field size range.
The necessity of field size dependent correction factors is not
indicated for this selection of clinical plans for the p-Si diode
based detector array of Delta4. The dose difference between
the Delta4 measurements and calculations in the planning
system showed no significant dependence on the average sub-
field size. Typical planning parameters for these plans were
MF 4, 0f 2.0-2.5, which resulted in MF ¢, of 1.9 with a stan-
dard deviation of 0.3, and about 100-500 iterations. The
small standard deviation of the quality assurance results was

achieved by a cross calibration before the quality assurance
measurement [24].

The good results of the Delta4 measurements may have
been caused by using similar irradiation planning parameters
MF and number of iterations for all plans. Therefore, non-
clinical plans with extreme parameters were created to study
the response of the Delat4 more rigorously.

The systematic investigation of the influence of selected
planning parameters on the average subfield size has shown a
dependency on the number of iterations and on the MFj;.

Although lowly modulated plans with 20 iterations and a
planned modulation factor of 1.3 are clinically not relevant,
nevertheless they showed the trend of the dependency between
MF 4, and numbers of iterations on the 5.4, see Fig. 3.

The results of the highly modulated plans illustrate the com-
promise between an improved clinical dose distribution and a
simultaneous increase of the fraction of small subfields. The
smallest 5., is 1.7 cm. For this field size, a correction factor
between 0.976 and 1.017 is recommended for different solid
state detectors in static radiation beams, according to the TRS
483 protocol [12]. Overall, the p-Si diodes based dosimetry
system Delta4 worked reliable. Even for radiation plans with
many small subfield sizes the Delta4 showed no significant
deviation from the dose calculated by the Planning Station,
for the investigated subfield size range down to 5, = 1.7 cm.
Czarnecki et al. [35] did show an altered dose response for

Fig. 5. (a, b) The three PTV dose-distribution-descriptive indices of homogeneity (column one), coverage (column two) and conformity
(column three) are shown as a function of the planned and actual modulation factor and the number of optimization iterations for three
different plans: rectum (row one), prostate (row two) and the two head and neck target volumes (rows three and four).
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Fig. 7. (a and b) Technical parameters — delivery time, average leaf-
opening time (LOT), relative number of open leaves with an opening
time <70 ms and actual modulation factor (rows one to four) — are
shown as a function of the modulation factors for the given planning
target volumes.

shielded and unshielded diodes for field sizes smaller than
2.5 cm. Field size correction factors of static beams may differ
from averaged subfield sizes because the proportion of scat-
tered radiation differs significantly. The volume effect should
be comparable for subfields and static beams.

The measured dose deviations are independent of the size
of the high-dose area. The dose, measured with Delta4 is
corrected in the Delta4 software by a factor which depends
on the high-dose volume. Thus, the energy dependent over-
responsiveness of the diodes for large fields is corrected. The
presumably subordinated impact of the volume effect, which
would be subfield size dependent, is currently not considered
in the Delta4 software.

Measurements of energy doses of small fields are a
challenge for dosimetry [15,16]. Even though the Delta4 mea-
surement results were independent of the subfield size, this
might not be the case for other dosimetry systems, espe-
cially ion chamber based systems. The volume effect should
affect the dose response of ion chambers more than that of
diodes due to the larger sensitive measurement volume. Cor-
rection factors given in the TRS 483 [12] for ion chambers
are up to 1.03 for TomoTherapy equivalent square field size of
1.5 cm. The newly introduced quantity fluence-weighted aver-
age subfield size may be used to define different plan classes
for plan-class-specific correction factors in the TomoTherapy
dosimetry according to Alfonso et al. [36].

It can be assumed that the influence of the investigated irra-
diation parameters on the average subfield size is independent
of the jaw opening, i.e. the average number of opened leaves
per subfield. This would result in an 5., down to 1.1 cm for
very highly modulated plans with a jaw opening of 1.0 cm. It
is recommended to optimize the objective function during the
optimization and start the iterations afresh, especially for the
smallest jaw opening. Thus it is possible to avoid too many
iterations and consequently too small subfields.

It is noticeable that MF,. decreases with the number of
iterations and the optimizer did not exploit the full range of
MF 4, This suggests that the optimizer of the Planning Sta-
tion finds more optimal beamlets with an increasing number
of iterations.

We had expected that the MF,.; was a suitable parameter
for describing the complexity of the radiation plans. However,
the comparison of the actual modulation factor MF,,.,; and the
percentage of very short LOT did not show a clear correlation
for all plans, see Fig. 7b. Furthermore 5., depends mainly on
the combination between MF),,, and number of iterations,
not on the resulting MF ;.

The gantry period limit of 11.8 s is reached for some lowly
modulated plans, caused by the small pitch. By optimizing
the pitch, the delivery time will be lower for small MF),,, and
few iterations.

5 Conclusion

For TomoTherapy field size dependent correction factors
were defined in TRS 483 [12] but up to date there is no
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possibility to determine an average filed size for helical
TomoTherapy. Our study described a new parameter, the
fluence-weighted average subfield size, and investigated
which planning parameters mainly influence the average
subfield size.

This will allow TomoTherapy users to decide if correction
factors are necessary for the used dosimetry system.

References

[1] Mackie TR, Holmes T, Swerdloff S, Reckwerdt P, Deasy JO, Yang J,
et al. Tomotherapy: a new concept for the delivery of dynamic conformal
radiotherapy. Med Phys 1993;20(6):1709-19.

[2] Mackie TR, Holmes TW, Reckwerdt PJ, Yang J. Tomotherapy: Opti-
mized Planning and Delivery of Radiation-Therapy. Int J Imag Syst
Technol 1995;6(1):43-55.

[3] Buschmann M, Seppenwoolde Y, Wiezorek T, Weibert K, Georg D.
Advanced optimization methods for whole pelvic and local prostate
external beam therapy. Phys Med 2016;32(3):465-73.

[4] Wiezorek T, Brachwitz T, Georg D, Blank E, Fotina I, Habl G,

et al. Rotational IMRT techniques compared to fixed gantry IMRT

and tomotherapy: multi-institutional planning study for head-and-neck

cases. Radiat Oncol 2011;6:20.

Van Gestel D, Verellen D, Van De Voorde L, de Ost B, De Kerf G, Van-

derveken O, et al. The potential of helical tomotherapy in the treatment

of head and neck cancer. Oncologist 2013;18(6):697-706.

[6] Van Gestel D, van Vliet-Vroegindeweij C, Van den Heuvel F, Crijns

W, Coelmont A, De Ost B, et al. RapidArc, SmartArc and TomoHD

compared with classical step and shoot and sliding window intensity

modulated radiotherapy in an oropharyngeal cancer treatment plan com-

parison. Radiat Oncol 2013;8:37.

Murthy V, Master Z, Gupta T, Ghosh-Laskar S, Budrukkar A, Phu-

railatpam R, et al. Helical tomotherapy for head and neck squamous

cell carcinoma: dosimetric comparison with linear accelerator-based
step-and-shoot IMRT. J Cancer Res Ther 2010;6(2):194-8.

[8] Jacob V, Bayer W, Astner ST, Busch R, Kneschaurek P. A planning
comparison of dynamic IMRT for different collimator leaf thicknesses
with helical tomotherapy and RapidArc for prostate and head and neck
tumors. Strahlenther Onkol 2010;186(9):502-10.

[9] Hui C, Chen Q, Khandelwal S, Neal B, Watkins W. Detection of dose
delivery variations on TomoTherapy using on-board detector based ver-
ification. Phys Med Biol 2018;63(14), 14NTO02.

[10] Westerly DC, Soisson E, Chen Q, Woch K, Schubert L, Olivera G, et al.
Treatment planning to improve delivery accuracy and patient throughput
in helical tomotherapy. Int J Radiat Oncol Biol Phys 2009;74(4):1290-7.

[11] Lissner S, Schubert K, Kluter S, Oetzel D, Debus J. A method for testing
the performance and the accuracy of the binary MLC used in helical
tomotherapy. Z Med Phys 2013;23(2):153-61.

[12] Palmans H, Andreo P, Hug MS, Seuntjens J, Christaki KE. Dosimetry of
small static fields used in external beam radiotherapy: an IAEA-AAPM
International Code of Practice for reference and relative dose determi-
nation /International Atomic Energy Agency, in Technical Report Series
No. 483. Vienna: International Atomic Energy Agency; 2017.

[13] Crop F, Reynaert N, Pittomvils G, Paelinck L, De Wagter C, Vakaet L,
et al. The influence of small field sizes, penumbra, spot size and mea-
surement depth on perturbation factors for microionization chambers.
Phys Med Biol 2009;54(9):2951-69.

[14] Palmans H, Andreo P, Hug MS, Seuntjens J, Christaki KE, Meghzifene
A. Dosimetry of small static fields used in external photon beam radio-
therapy: summary of TRS-483, the IAEA-AAPM international Code

[5

—_

[7

—

of Practice for reference and relative dose determination. Med Phys
2018:45(11):e1123-45.

[15] Das 1J, Ding GX, Ahnesjo A. Small fields: nonequilibrium radiation
dosimetry. Med Phys 2008;35(1):206-15.

[16] Francescon P, Kilby W, Satariano N, Cora S. Monte Carlo simulated
correction factors for machine specific reference field dose calibration
and output factor measurement using fixed and iris collimators on the
CyberKnife system. Phys Med Biol 2012;57(12):3741-58.

[17] DIN6875-3, Special radiotherapy equipments - Part 3: Intensity-
modulated radiation therapy - characteristics, test methods and rules
for clinical application. 2008.

[18] Sterpin E, Verboomen C, Vynckier S. Impact of the number of discrete
angles used during dose computation for TomoTherapy treatments. Med
Phys 2012;39(11):6947-56.

[19] Laub WU, Crilly R. Clinical radiation therapy measurements with a new
commercial synthetic single crystal diamond detector. J Appl Clin Med
Phys 2014;15(6):4890.

[20] Worthley B. Equivalent squares of rectangular fields. Br J Radiol
1966;39:559.

[21] Nilsson G. Delta4-A new tMRT QA device. Med Phy 2007;34(6):2432.

[22] Geurts M, Gonzalez J, Serrano-Ojeda P. Longitudinal study using
a diode phantom for helical tomotherapy IMRT QA. Med Phys
2009;36(11):4977-83.

[23] Sadagopan R, Bencomo JA, Martin RL, Nilsson G, Matzen T, Balter
PA. Characterization and clinical evaluation of a novel IMRT quality
assurance system. J Appl Clin Med Phys 2009;10(2):2928.

[24] Salz H, Howitz S, Brachwitz T, Wiezorek T. Patient-related QA for heli-
cal TomoTherapy with Delta4: analysis of the results. Curr Dir Biomed
Eng 2017;3(2):635-8.

[25] Low DA, Harms WB, Mutic S, Purdy JA. A technique for the quantitative
evaluation of dose distributions. Med Phys 1998;25(5):656-61.

[26] Nelms BE, Simon JA. A survey on planar IMRT QA analysis. J Appl
Clin Med Phys 2007;8(3):76-90.

[27] Langen KM, Papanikolaou N, Balog J, Crilly R, Followill D, Goddu
SM, et al. QA for helical tomotherapy: report of the AAPM Task Group
148. Med Phys 2010;37(9):4817-53.

[28] Chen M, Chen 'Y, Chen Q, Lu W. Theoretical analysis of the thread effect
in helical TomoTherapy. Med Phys 2011;38(11):5945-60.

[29] Kissick MW, Fenwick J, James JA, Jeraj R, Kapatoes JM, Keller H, et al.
The helical tomotherapy thread effect. Med Phys 2005;32(5):1414-23.

[30] Olivera GH, Shepard DM, Reckwerdt PJ, Ruchala K, Zachman J,
Fitchard EE, et al. Maximum likelihood as a common computational
framework in tomotherapy. Phys Med Biol 1998;43(11):3277-94.

[31] Shepard DM, Olivera GH, Reckwerdt PJ, Mackie TR. Iterative
approaches to dose optimization in tomotherapy. Phys Med Biol
2000:45(1):69-90.

[32] Sterzing F, Uhl M, Hauswald H, Schubert K, Sroka-Perez G, Chen Y,
et al. Dynamic jaws and dynamic couch in helical tomotherapy. Int J
Radiat Oncol Biol Phys 2010;76(4):1266-73.

[33] ICRU. Prescribing, recording and reporting photon beam therapy
(supplement to ICRU Report 50). Bethesda, MD: 1.C.0.R.U.a. Mea-
surements; 1999.

[34] Ezzell GA, Burmeister JW, Dogan N, LoSasso TJ, Mechalakos JG,
Mihailidis D, et al. IMRT commissioning: multiple institution planning
and dosimetry comparisons, a report from AAPM Task Group 119. Med
Phys 2009:36(11):5359-73.

[35] Czarnecki D, Zink K. Monte Carlo calculated correction factors for
diodes and ion chambers in small photon fields. Phys Med Biol
2013;58(8):2431-44.

[36] Alfonso R, Andreo P, Capote R, Huq MS, Kilby W, Kjall P, et al. A new
formalism for reference dosimetry of small and nonstandard fields. Med
Phys 2008;35(11):5179-86.

Available online at www.sciencedirect.com

ScienceDirect



http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0005
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0010
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0015
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0020
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0025
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0030
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0035
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0040
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0045
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0050
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0055
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0060
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0065
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0070
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0075
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0075
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0075
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0075
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0075
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0075
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0075
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0075
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0075
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0075
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0075
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0075
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0075
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0075
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0075
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0075
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0075
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0075
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0080
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0090
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0095
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0095
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0095
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0095
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0095
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0095
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0095
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0095
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0095
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0095
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0095
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0095
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0095
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0095
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0095
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0095
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0095
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0095
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0095
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0095
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0095
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0095
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0095
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0095
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0095
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0095
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0095
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0100
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0100
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0100
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0100
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0100
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0100
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0100
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0100
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0100
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0100
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0100
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0100
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0100
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0100
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0100
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0105
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0105
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0105
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0105
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0105
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0105
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0105
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0105
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0105
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0105
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0105
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0105
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0105
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0105
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0110
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0110
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0110
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0110
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0110
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0110
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0110
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0110
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0110
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0110
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0110
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0110
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0110
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0110
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0110
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0110
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0110
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0110
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0110
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0110
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0110
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0110
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0110
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0110
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0110
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0110
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0115
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0120
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0125
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0130
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0130
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0130
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0130
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0130
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0130
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0130
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0130
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0130
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0130
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0130
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0130
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0130
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0130
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0130
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0130
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0130
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0130
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0130
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0130
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0130
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0130
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0130
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0130
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0135
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0140
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0145
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0150
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0155
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0160
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0170
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0175
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0175
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0175
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0175
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0175
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0175
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0175
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0175
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0175
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0175
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0175
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0175
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0175
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0175
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0175
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0175
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0175
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0175
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0175
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0175
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0175
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0175
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0175
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0175
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0175
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0175
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://refhub.elsevier.com/S0939-3889(18)30148-X/sbref0180
http://www.sciencedirect.com/science/journal/09393889

A. WEITERE WISSENSCHAFTLICHE BEITRAGE

Kongressbeitrage

(a) Howitz S, Czarnecki D, Zink K; Abhdngigkeit des Verhdltnisses der
Stofibremsvermdgen Wasser zu Luft von der FeldgréfSe klinischer
Elektronenfelder. In: DGMP - Tagungsband; Jena; 2012. 508-5011

(b) Howitz S, Weibert K, Wiezorek T; Deviations of DQA-results as a
function of plan parameters with helical TomoTherapy. In: DGMP —
Tagungsband; Zirich; 2014.

(c) Howitz S, Schwedas M, Wiezorek T, Zink K; Bestimmung des
Korrektionsfaktors k'q unter Nichtreferenzbedingungen fiir TomoHD.
In: DGMP — Tagungsband; Marburg; 2015.

(d) Howitz S, Wiezorek T, Zink K; Influence of TomoTherapy-specific
planning parameters on technical treatment parameters and dose
distribution In: DGMP — Tagungsband; Dresden; 2017.

(e) Teichmann T, Salz H, Schwedas M, Howitz S, Wiezorek T, A multi-
institutional survey evaluating patient related QA — phase Il. Current
Directions in Biomedical Engineering, 3(2), pp. 639-642. Retrieved 17
Oct. 2017, from doi:10.1515/cdbme-2017-0134

(f) Salz H, Howitz S, Brachwitz T, Wiezorek T; Patient-related QA for
helical TomoTherapy with Delta4: analysis of the results. Current
Directions in Biomedical Engineering, 3(2), pp. 635-638. Retrieved 17
Oct. 2017, from doi:10.1515/cdbme-2017-0133

weitere Vortrage
(g) 2014 Abhangigkeit der DQA-Ergebnisse von verschiedenen Tomo -

Parametern, UserMeeting Accuray

(h) 2016 Evaluation der patientenbezogenen Qualitdtssicherung mit
Deltad, DGMP Regionalsektion Mitteldeutschland

(i) 2016 Planungsunsicherheiten pulmonaler Zielvolumina, verifiziert
mit Planned Adaptive, DGMP Arbeitskreis TomoTherapy

(j) 2017 60 Monate TomoTherapy am Universitatsklinikum Jena,
DGMP Arbeitskreis IMRT, invited Speaker von Accuray

(k) 2017 Fluenzmodulierte FeldgroRe in der TomoTherapy, DGMP
Arbeitskreis TomoTherapy



Betreuung universitarer Abschlussarbeiten

(1)

Gebser F, Implementierung der helikalen Tomotherapie in die Monte
Carlo Simulation mittels EGSnrc, in UKJ Strahlentherapie und
Radioonkologie. 2016, University of Applied Science Mittweida.

Buck C, Implementierung des bindren TomoTherapy MLC im Monte-
Carlo EGSnrc User Code, in UKJ Klinik fir Strahlentherapie und
Radioonkologie. 2017, TU limenau.



B. VERZEICHNIS DER AKADEMISCHEN LEHRER/-INNEN

Meine akademischen Lehrer/ -innen in Zwickau waren die Damen und

Herren:

Busch, Clausius, Fiussel, Flach, Heiland, Hartmann, Haber, Krautheim, Klose,
Lenk, Neidhardt, Reinhold, Schnabel, Veit, Wohrl

Meine akademischen Lehrer an der Technischen Hochschule Mittelhessen

waren die Damen und Herren:

Breckow, Fiebich, Koch, Zink



C. DANKSAGUNG

In den folgenden Zeilen mdchte ich mich besonders bei den Menschen
bedanken, die es mir ermoglicht haben, die Dissertation durchzufthren und

in diesem Rahmen abzuschlieRen.

Ich bedanke mich bei Prof. Vorwerk fir die Moglichkeit der Promotion an
der medizinischen Fakultat der Philips Universitat Marburg.
Ein besonderer Dank geht an Prof. Zink fir die fachlichen Diskussionen und

Unterstltzung, durch die diese Arbeit entstanden ist.

Ganz herzlich mochte ich mich bei PD Wiezorek bedanken, der mich stets

ermutigt hat, weiter zu forschen und den Fokus stets im Auge zu behalten.

Zuletzt mochte ich meiner Frau und meiner Familie danken, die mich stets
unterstltzt, motiviert und mir Zeit gegeben hat, diese Arbeit fertig zu

stellen.



	Fluence-weighted average subfield size in helical TomoTherapy
	1 Introduction
	2 Material and methods
	2.1 Average subfield size
	2.1.1 Definition of average subfield size
	2.1.2 Determination of average subfield size

	2.2 Evaluation of clinical plans
	2.3 Impact of planning parameters
	2.3.1 Clinical dose distribution
	2.3.2 Machine characteristics


	3 Results
	3.1 Average subfield size for clinical plans
	3.2 Impact of planning parameter
	3.2.1 Average subfield size
	3.2.2 Clinical dose distribution
	3.2.3 Machine characteristics


	4 Discussion
	5 Conclusion
	References


