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1

ZIELE UND AUFGABEN DES IMPS

Das Institut für Medizinische Physik und Strahlenschutz (IMPS) ist im Jahr 2006 gegründet
worden, mit dem Ziel, die in den Bereichen „Medizinische Physik“ und „Strahlenschutz“
tätigen Personen der Hochschule zusammen zu schließen und die vorhandenen
Ausstattungen der beteiligten Fachbereiche MNI und KMUB (Know-how, Labore,
technisches Gerät) gemeinsam zu nutzen. Zu seinen Aufgaben gehören insbesondere


die Förderung der Wissenschaft auf dem Gebiet der Medizinischen Physik und des
Strahlenschutzes;



die Schaffung von Grundlagen für die Akquisition und Durchführung von
Drittmittelprojekten durch systematische Beobachtung aktueller Entwicklungen auf
den genannten Fachgebieten sowie durch einen regelmäßigen Erfahrungsaustausch
zwischen den Institutsmitgliedern;



die Unterstützung der Aufgabenstellungen der Hochschule in Forschung und Lehre
durch die koordinierende und integrierende Funktion des Instituts sowie besonders
durch gemeinsame Projektarbeit auch mit Institutionen außerhalb der Hochschule;



Förderung der Internationalisierung und Profilbildung der Hochschule durch die Pflege
und Verbesserung der Kontakte zu wissenschaftlichen Einrichtungen mit
vergleichbaren Zielsetzungen im In- und Ausland.
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ARBEITSSCHWERPUNKTE INNERHALB DES IMPS

Die folgende Auflistung gibt einen Überblick über die Arbeitsschwerpunkte der
Institutsmitglieder. Details können insbesondere den Abschnitten 8 und 10 entnommen
werden.

















Dosimetrie ionisierender und nicht-ionisierender Strahlung
Simulation des Strahlungstransports mittels Monte Carlo Verfahren
Optische Bildgebung in der Biomedizinischen Technik
Umweltradioaktivität
Dosisberechnung und Dosisoptimierung in der perkutanen Strahlentherapie
Dosisoptimierung in der Röntgendiagnostik
Quantitative Verfahren zur Bewertung der Bildqualität
Qualitätssicherung in der Röntgendiagnostik
Strahlenbiologie
Strahlenschutz
Radon-Messtechnik, Messung von Aktivitätskonzentrationen
Entwicklung eines automatischen Radon-Exposimeters
Radiochemie
Strahlenschutzmesstechnik
Bewertung von Strahlenrisiken
Messung von Elektromagnetischen Feldern (EMF)
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INSTITUTSMITGLIEDER

Das Institut bestand im Jahre 2013 aus den folgenden Mitgliedern:
Professoren:
Prof. Dr. Klemens Zink (Geschäftsführer)
Prof. Dr. Joachim Breckow (stellv. Geschäftsführer)
Prof. Dr. Martin Fiebich
Prof. Dr. Jürgen Koch
Wissenschaftliche Mitarbeiter:
Dipl.-Ing. Hans Hingmann

Dipl.-Ing. Sebastian Beer

Dipl.-Ing. Volker Grimm

Dipl.-Ing. Johannes Voigt

Dipl.-Phys. Norbert Elvers

Dipl.-Inf. Med. Ulf Mäder

Dipl.-Ing. Franz Anton Rößler

Dipl.-Ing. Jan Michael Burg

M. Sc. Tahar Azzam Jai

Dipl.-Ing. Faranak Nasirimanesh

M. Sc. Merna Attia

Dipl.-Ing. Payam Shirvanchi

Dipl.-Ing. Anna-Lisa Grund

B.Sc. Brian Finn

Dipl.-Ing. Mandy Klingebiel

Dipl.-Phys. Hassan Nasser (DAAD
Gastwissenschaftler)

Dipl.-Umweltwiss. Gerline Grimm

Dipl.-Ing. Rebecca Grün
(GSI Darmstadt)

M.Sc. Ralph Schmidt
M.Sc. Philip von Voigts-Rhetz

Dipl.-Phys. Toke Printz
(Partikelzentrum Marburg)

M.Sc. Damian Czarnecki
Dipl.-Ing. Petar Penchev
Diplom-, Bachelor- und Masterstudenten:
Dipl.- Ing. Anye Ningo (Master)

cand. Ing. Emami Samaneh

Dipl.-Ing. Mandy Klingebiel (Master)

cand. Ing. Tina-Ojevwe Orovwighose

Dipl.-Ing. Petar Penchev (Master)

cand. ing. Martin Kolodziej

Dipl.-Ing. Michael Bietenbeck (Master)

cand. ing. Daniel Rühl

Dipl.-Ing. Jan Michael Burg (Master)

B. Sc. Rida Hmaidat (Master)

Dipl.-Ing. Evelyn Bohrer (Master)

B. Sc. Christina Piel (Master)

Dipl.-Ing. Alexandra Raststätter (Master)

B. Sc. Kristian Kleinert (Master)

B.Sc. Jules Verbe (Master)

B. Sc. Waldemar Sperling (Master)

Mahmud Gbarin

B.Sc. Kilian Baumann (Master)

Dipl.-Ing. Simon Howitz (Master)

B.Sc. Oliver Schrenk (Master)
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cand. Ing. Dariush Uchimura

B.Sc. Robin Etzel (Master)

Dipl.-Ing. Ronja Schiller (Master)

B.Sc. Rene Franke (Master)

B.Sc. Nina Jach (Master)

cand. Ing. Stefan Benjamin Schäfer

B.Sc. Fabian Göpfert (Master)

B. Sc. Sara Amalhaf (Master)

B. Sc. Christian Kienzle (Master)

B. Sc. Julia Baasner (Master)

B. Sc. Katja Vaupel (Master)

Dominik Blum (Bachelor)

Izabella Anna Zahradnik (Bachelor)

Vivienne Walpert (Bachelor)

Jonas Buermeyer (Bachelor)
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LEHRVERANSTALTUNGEN


Angewandte Medizinische Physik (8 SWS, Bachelorstudiengang Biomedizinische
Technik, Prof. Dr. M. Fiebich, Prof. Dr. K. Zink, Dipl. Ing. J. Voigt)



Physik und Technik in der Strahlentherapie 1 (2 SWS, Masterstudiengang
Medizinische Physik, Prof. Dr. K. Zink)



Physik und Technik in der Strahlentherapie 2 (3 SWS, Masterstudiengang
Medizinische Physik, Prof. Dr. K. Zink)



Bildgebende Systeme in der Medizin 1 (2 SWS, Masterstudiengang Medizinische
Physik, Prof. Dr. M. Fiebich)



Bildgebende Systeme in der Medizin 2 (2 SWS, Masterstudiengang Medizinische
Physik, Prof. Dr. M. Fiebich)



Bildverarbeitung (2 SWS, Masterstudiengang Medizinische Physik, Prof. Dr. M.
Fiebich)



IT-Systeme in der Medizin (2 SWS, Masterstudiengang Medizinische Physik, Prof.
Dr. M. Fiebich)



Physik 3 (4 SWS, Bachelorstudiengang BMT, Prof. Dr. J. Breckow)



Praktikum „Strahlenmesstechnik“ (3 SWS, Dipl.-Ing. H. Hingmann, Dipl.-Ing. V.
Ehret)



Dosimetrie ionisierender Strahlung (3 SWS, Masterstudiengang Medizinische
Physik, Prof. Dr. K. Zink)



Numerische Verfahren und Simulation (2 SWS, Masterstudiengang Medizinische
Physik, Prof. Dr. M. Fiebich)



Biophysik (4 SWS, Bachelorstudiengänge BMT und BT/BPT, Prof. Dr. J. Breckow)



Strahlenbiologie (2 SWS, Masterstudiengang Medizinische Physik, Prof. Dr. J.
Breckow)



Laborpraktikum (4 SWS, Masterstudiengang Medizinische Physik, Prof. Dr. J.
Breckow, Prof. Dr. M. Fiebich, Prof. Dr. K. Zink)



Radioökologie (2 SWS, Bachelorstudiengang UHSI, Prof. Dr. J. Koch)
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Radiochemie (2 SWS, Masterstudiengang Medizinische Physik, Prof. Dr. J. Koch)



Kerntechnik (4 SWS, Bachelorstudiengänge Maschinenbau, Energiesysteme und
Ingenieurwissenschaften (dual), Prof. Dr. J. Koch)



Projektarbeit (4 SWS, Masterstudiengang Medizinische Physik, Prof. Dr. J.
Breckow, Prof. Dr. M. Fiebich, Prof. Dr. K. Zink)



Hauptseminar (2 SWS, Masterstudiengang Medizinische Physik, Prof. Dr. M.
Fiebich, Prof. Dr. K. Zink)



Methoden des Rapid Prototyping (2 SWS, Bachelorstudiengang Biomedizinische
Technik, Prof. Dr. M. Fiebich)



Datenverarbeitung in der Medizin (2 SWS, Ergänzungsstudiengang
Medizintechnik OBS, Prof. Dr. M. Fiebich)



Bildgebende Systeme (2 SWS, Ergänzungsstudiengang Medizintechnik OBS, Prof.
Dr. M. Fiebich)
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DIPLOM-, BACHELOR UND MASTERARBEITEN

5.1 AM IMPS DURCHGEFÜHRTE ARBEITEN
DIPLOMARBEITEN


Nadia Dhaouadi: Untersuchung zur geometrischen Genauigkeit, Bildqualität und
der möglichen Verwendung zur Bestrahlungsplanung des In-Line kView Cone
Beam CT`s an einem Artist Linearbeschleuniger(Prof. Dr. Zink)



Dariush Uchimura: Dose reconstruction from EPID images based on Monte Carlo
simulations (Diplomarbeit des fachbereichs Physik der Philipps-Universität
Marburg, Betreuer: Prof. Dr. Zink, Prof. Dr. Einhäuser-Treyer)

BACHELORARBEITEN


Tina-Ojevwe Orovwighose: Simulation von Radonmessreihen zur
Quantifizierung der Anforderungen an das LuftwechselRekonstruktionsverfahren „RaluQua“ (Betreuer: Prof. Dr. Breckow/ M.Sc.
Rößler)

MASTERARBEITEN


Franz Anton Rößler: Entwicklung eines effizienten Messverfahrens zur
Bestimmung der Radonkonzentration als Indikator für die Qualität der
Innenraumluft (Betreuer: Prof. Dr. Breckow/ Prof. Dr. Koch)



Merna Attia: Entwicklungsabschluss und Erprobung des Radonexposimeters
„au.raex“ (Betreuer: Prof. Dr. Breckow/ Dipl.-Ing. Grimm)



Julius Verbe Zoum: Evaluating the Accumulative Eye Lens Dose of Staff Members
at the Interventional Radiology Department (Betreuer: Prof. Dr. Fiebich)
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Christina Piel: Wirkung von Filterfunktionen auf das Rauschverhalten und die
Bildqualität von CT-Aufnahmen (Betreuer: Prof. Dr. Fiebich)



Kristian Kleinert: Monte-Carlo Simulationen zur Dosimetrie fluenzmodulierter
Bestrahlungsfelder (Betreuer: Prof. Dr. Zink)



Waldemar Sperling: Referenzdosimetrie in klinischen Photonenfeldern: Ein
neuer Ansatz zur Ermittlung des Korrektionsfaktors k_Q (Betreuer: Prof. Dr.
Zink)



Katja Vaupel: Monte Carlo basierte Ermittlung des effektiven Messortes in
Photonenstrahlungsfeldern (Betreuer: Prof. Dr. Zink)



Philip von Voigts-Rhetz: Determination of the effective point of measurement
for parallel-plate an dcylindrical ionization chambers in clinical electron beams
using Monte Carlo simulations (Betreuer: Prof. Dr. Zink)



Mandy Klingebiel: Monte Carlo Simulationen für die Partikeltherapie mit dem
FLUKA-Code (Betreuer: Prof. Dr. Zink)



Ralp Schmidt: A system for fast dose calculation in Computer Tomography
(Betreuer: Prof. Dr. Zink)



Simon Howitz: Elektronendosimetrie unter Nicht-Referenzbedingungen
(Betreuer: Prof. Dr. Zink)

5.2 EXTERNE ARBEITEN
BACHELORARBEITEN


Dominik Blum: Feasibility study for a two-energy compact medical cyclotron
controlled by two pairs of main coils (Prof. Dr. Zink)

MASTERARBEITEN


Petra Hüttenrauch: Dose calculation on daily Cone Beam CT data sets for the
investigation of the target volume coverage and dose to the organs at risk for
prostate cancer patients (Abteilung für Strahlentherapie & Radioonkologie,
Universitätsklinikum Gießen, Betreuer: Prof. Dr. Zink)



Ayham Al Atabeh: Verwendung von Kilovoltage-Cone Beam Computed
Tomography (CBCT) zur Evaluation der Bestrahlungsqualität (Betreuer: Prof. Dr.
Zink)



Sebastian Gräf: Dosimetrische Konsequenzen für Bestrahlungen mit RasterScan-Verfahren aufgrund von intrafraktioneller Prostata-Bewegung (Betreuer:
Prof. Dr. Zink)



Jens Wölfelschneider: Adaptive concepts and modification techniques for a
fractionated treatment of intra-fractionally moving tumors with scanned carbon
ions (GSI – Helmholtzzentrum für Schwerionenforschung, Betreuer: Prof. Dr.
Zink)
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Michael Bietenbeck: Einfluss von Bewegungskorrekturalgorithmen auf die
Datenanalyse bei funktioneller Magnetresonanztomographie (Abteilung
Psychiatrie und Psychotherapie, Universitätsklinikum Gießen-Marburg,
Betreuer: Prof. Dr. Fiebich)

DIPLOMARBEITEN


Omar Sultan: Comparing image quality and radiation dose between new
generation MDCT and CBCT systems (Klinikum rechts der Isar der Technischen
Universität München, Betreuer: Prof. Dr. Fiebich)



Maryam Daneshzadeh Tabrizi: Einführung eines Qualitätsmanagementsystems
nach DIN EN ISO 9001:2008 in die Medizintechnik der HOST GmbH im
Universitätsklinikum Frankfurt (HOST GmbH Frankfurt, Betreuer: Prof. Dr.
Fiebich)

6

PROMOTIONSVERFAHREN
Die folgenden Promotionsverfahren werden am IMPS betreut (kooperative
Promotionen):
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R. Grün: Biologische Optimierung im Rahmen der Partikeltherapie.
Kooperative Promotion am Fachbereich Medizin der Universität Marburg.
Betreuer: Prof. Dr. K. Zink / Prof. Dr. R. Engenhart-Cabillic



U. Mäder: Optimierung und automatische Auswertung von optischen
Analyseverfahren zur Detektion fluoreszenzmarkierter Wirkstoffe in der
Haut. Kooperative Promotion am Fachbereich Medizin der Universität
Marburg. Betreuer: Prof. Dr. Johannes Heverhagen, Prof. Dr. Martin Fiebich



F. Nasirimanesh: Evaluation der elektrischen Impedanztomographie zur
Bewertung der Lungenventilation im Vergleich zu Computertomographie
und Magnetresonanztomographie. Kooperative Promotion am Fachbereich
Tiermedizin der Universität Gießen. Betreuer: Prof. Dr. Martin Kramer, Prof.
Dr. Martin Fiebich



P. Shirvanchi: Vergleich der sauerstoffgestützten Magnetresonanztomographie und des Lung-Sound Imaging (ThoraView) als Methoden zur
Bewertung der Lungenventilation, Kooperative Promotion am Fachbereich
Tiermedizin der Universität Gießen. Betreuer: Prof. Dr. Martin Kramer, Prof.
Dr. Martin Fiebich

TAGUNGEN / EXKURSIONEN


Besichtigung der Firmen Träger und Philips Medizinsysteme vom 9. bis 11.
Januar 2013 in Lübeck und Hamburg



Verband der Südwestdeutschen Radiologen und Nuklearmediziner am 01./02.
Februar 2013
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SPIE Medical Imaging vom 9. bis 14. Februar 2013, Lake Buena Vista,
Florida/USA



4. Deutsches Forum Innenraumhygiene, 19.02.2013 in Gelsenkirchen



Europäischer Röntgenkongress vom 07. bis 10. März 2013 in Wien/Österreich



25. Winterschule für Medizinische Physik vom 11. Bis 15. März 2013 in
Pichl/Österreich



Strahlenmessung in der Schachtanlage Asse, 18.03.2013 (Bild siehe Anhang)



9. Symposium der Croatian Radiation Protection Association CRPA, 10.04. 12.04.2013 in Krk, Croatian
Fachgespräch “Radon”, 22.05. -23.05.2013 in Berlin
57. Radiometrisches Seminar, “Uran und Radon in Bayern-historisch und
aktuell” 31.05.2013, Theuern, Kulturschloss
94. Röntgenkongress vom 29. Mai bis 01. Juni 2013 in Hamburg.






17. APT-Seminar der Deutschen Röntgengesellschaft vom 21. - 22. Juni 2013 in
Berlin



27. International Congress CARS - Computer-Assisted Radiology and Surger
vom 26. bis 29. Juni 2013 in Heidelberg
Montenegro. Messkampagne "Natürliche Radioaktivität in verschiedenen
geologischen Formationen", 30.08. -05.09.2013
20. International Conference on Medical Physics vom 1. bis 4. September 2013
in Brighton, Großbritannien






43. Jahrestagung der Deutschen Gesellschaft für Medizinische Physik e.V.
(DGMP) vom 18. bis 21. September 2013 in Köln



45. Jahrestagung des Deutsch-Schweizerischen Fachverbandes für
Strahlenschutz „Europäischer Strahlenschutz im Praxistest“, 24.09. -26.09.2013
in Essen



7. Sächsischer Radontag, 24.09.2013 in Dresden, Messung natürlicher
Radioaktivität



48. Jahrestagung der Deutschen Gesellschaft für Neuroradiologie vom 11. bis
12. Oktober 2013 in Köln



58. Radiometrisches Seminar, “Radioökologie” 18.10.2013, Theuern,
Kulturschloss



Technologieseminar für Radiologen in der Weiterbildung vom 4. bis 8.
November 2013, Hamburg



Festveranstaltung der Nachwuchsförderung des Deutsch-Schweizerischen
Fachverbands für Strahlenschutz, 29.11.13, Johannes Gutenberg-Universität,
Mainz



99. Annual Meeting of the Radiological Society of North America vom 1. bis 6.
Dezember 2013, Chicago/USA



Europäische Radonschutzkonferenz, 02.12 – 03.12.2013 in Dresden
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Schülerprojekte


Besuch des Kontrollbereichs für offene radioaktive Stoffe/Radiochemie mit
Schülergruppen der Technikerschule Butzbach. Thema: Praktischer
Strahlenschutz und Strahlenmesstechnik, Demonstrationsversuche und
Messübungen.



"Rent a Prof" und Projektangebote für Schüler
Seit einigen Jahren Steht Prof. Dr. Breckow für das Programm "Rent a Prof" zur
Verfügung. Am 20. 11. 2013 war er im Rahmen dieses Programms an der AdolfReichwein-Schule, Pohlheim, mit einem Unterrichtsprogramm "Strahlung in
Umwelt, Technik und Medizin".
Darüber hinaus bietet die AG Strahlenschutz in jedem Jahr Schülerprojekte im
Bereich Strahlenschutz und Strahlenschutzmesstechnik an.
Die Ankündigungen zu diesen Programmen befinden sich in der THM-Broschüre
"Studieren Probieren".
Die Projekte, die im Jahr 2013 durchgeführt wurden sind:
 Goethe-Schule Wetzlar, Projekt „Goethe Stratos“ Höhenstrahlung
 Goethe-Schule Wetzlar, Das Handy als Geigerzähler- eine kostengünstige
Alternative?
 Goethe-Schule Wetzlar, Prüfung der Zuverlässigkeit von UV-Testern
 Goethe-Schule Wetzlar, Vermessung der elektromagnetischen Felder von
Hoch- und Höchstspannungsüberlandfreileitungen
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DRITTMITTELFINANZIERTE UND ANTRAGSGEBUNDENE PROJEKTARBEITEN


Adaptive Strahlentherapie
Projektleitung: Prof. Dr. Zink, Förderumfang: 83.000 €, Laufzeit 2012 – 2013,
Partner: Klinik für Strahlentherapie der Philipps-Universität Marburg



Conebeam-CT basierte intensitätsmodulierte, dosiseskalierte perkutane
Strahlentherapie für bewegte Zielvolumina
Projektleitung: Prof. Dr. Zink. Förderumfang: 60.000 €, Laufzeit 2011 – 2013,
Partner: Klinik für Strahlentherapie der Philipps-Universität Marburg



Entwicklung und Evaluation eines neuen Designs für einen Ripple-Filter für die
Rasterscan Bestrahlung in der Partikeltherapie unter Nutzung innovativer
Rapid-Prototyping-Verfahren
Projektleitung: Prof. Dr. Zink, Förderumfang 175.000 €, Laufzeit 2013 – 2015,
BMWi - Zentrales Innovationsprogramm Mittelstand (ZIM) Förderkennzeichen: KF2829804AK2
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Medizinische Physik in der Strahlentherapie, Kooperation mit dem
Universitätsklinikum Gießen-Marburg, Klinik für Strahlentherapie und
Radioonkologie (Prof. Dr. Engenhart-Cabillic), Projektleitung: Prof. Dr. Zink,
Projektmittel 2013: 70.000,- €

•

Entwicklung eines effizienten Messverfahrens zur Bestimmung der
Radonkonzentration als Indikator für die Qualität der Innenraumluft
Projektleitung: Prof. Dr. Breckow. Das vom BMBF in Trägerschaft der AiF
geförderte Projekt hat eine Laufzeit von 3 Jahren (2010 bis 2013) und umfasst
ein Fördervolumen von ca. 260.000 €. Es wurde mit 97 von 100 möglichen
Punkten begutachtet und ist damit einer der höchstbewerteten Anträge der
gesamten AiF-Förderrunde 2010 im FHprofUnt-Programm. Insgesamt gingen
367 Anträge ein, von denen 130 (aus 67 Fachhochschulen) mit einem
Fördervolumen von rund 32 Mio. € gefördert werden.
Im Oktober 2011 wurde das Projekt vom BMBF zum "Projekt des Monats"
gewählt.



LOEWE 3-Projekt: „MoNaPi - Entwicklung einer mobilen Diagnoseeinheit für
den Nachweis von Pilzinfektionen“
Projektleiter: Prof. Dr. Fiebich, zusammen mit der Justus-Liebig-Universität
Gießen (Hautklinik, Prof. Dr. P. Meyser) und der Fa. Hund. Projektmittel IMPS:
ca. 75.000 €, HA-Projektnummer 294/11-39, Laufzeit: 2011 – 2013



LOEWE 3-Projekt „ThoraView - Klinische Anpassung eines Verfahrens zur
dynamischen Visualisierung der regionalen Ventilation in der Tierlunge“
Projektleiter: Prof. Dr. Fiebich, zusammen mit der Justus-Liebig-Universität
Gießen, Tiermedizin, Prof. Dr. M. Kramer und der Fa. ThoraTech, Projektmittel
IMPS: ca 80.000 €, HA-Projektnummer 295/11-40, Laufzeit: 2011 – 2013



IVEU – Etablierung eines IT-gestützten Verfahrens zur Erfassung von
Untersuchungsparametern durch die Ärztlichen Stellen und deren
Übermittlung an das BfS und Auswertung der erhobenen Daten im Rahmen
einer Querschnittsstudie
Projektleitung: Prof. Fiebich. Ein Bundesamt für Strahlenschutz-Projekt
zusammen mit der Ärztlichen Stelle Hessen, Projektmittel IMPS: ca. 19.000 €,
Laufzeit: 2012 - 2013



Untersuchung des Einflusses baulicher Energiesparmaßnahmen auf die
Radonkonzentration in Innenräumen.
Projektleitung: Prof. Breckow. Im Jahr 2011 wurde dieses Projekt aus dem
Umweltforschungsprogramm des BMU ("UFO-Plan") eingeworben.
Projektträger ist das Bundesamt für Strahlenschutz (BfS). Mit einer Laufzeit von
3 Jahren umfasst das Projekt ein Volumen von ca. 235.000 €
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KOOPERATIONSPARTNER, FORSCHUNGSVERBÜNDE 2013



Universitätsklinikum Gießen-Marburg, Klinik für Strahlentherapie und
Radioonkologie, Prof. Dr. Engenhart-Cabillic



Physikalisch-Technische Bundesanstalt, Braunschweig, Dr. M. Anton



Carsten Chadt Fotofachlabor e.K., Am Sonnenberg 5, 57234 Wilnsdorf,
http://lab811.com/



Materialprüfungsamt Nordrhein-Westfalen (MPA NRW), Marsbruchstraße186,
44287 Dortmund, http://www.mpanrw.de



UBERA Institut für Umweltstudien und –beratung, Eckhard Kegelmann u. Achim
Motz GbR, Kerkrader Straße 9, 35394 Gießen, http://ubera-online.de



Philipps-Universität Marburg; Charité - Universitätsmedizin Berlin; Zuse Institut
Berlin; Technologie- und Methodenplattform für die vernetzte medizinische
Forschung (TMF e.V.); Fraunhofer FIRST; MedInfoGrid (assoziierte Partner);
TransMIT GmbH, Zentrum für Bioakustik und Atemphysiologie; Ingenieurbüro für
Medizintechnik (IfM) GmbH; AdvancedSleepResearch GmbH; TIMM – Technologie
& Innovation - Medizinregion Mittelhessen



Ingenieurbüro für Medizintechnik (IfM) GmbH, Wettenberg/Gießen, Partner:
Philipps‐Universität Marburg (FB Medizin), Activaero GmbH (Gemünden),
ThoraTech GmbH (Gießen), TransMIT GmbH (Gießen)



Zentrum für Radiologie, Universitätsklinikum Gießen und Marburg, Standort
Gießen, Prof. Dr. Krombach



Zentrum für Strahlenmedizin, Universität Marburg, Prof. Dr. Mahnken



Zentrum für Dermatologie und Andrologie, Universitätsklinikum Gießen und
Marburg, Standort Gießen, Prof. Dr. Mayser



sterna biologicals GmbH & Co KG; TransMIT-Zentrum für Immunmodulation; Klinik
für Dermatologie und Venerologie, Abteilung Immundermatologie und
experimentelle Allergologie, Medizinische Hochschule Hannover (MHH)



Veterinärmedizin, Justus-Liebig-Universität Gießen, Standort Gießen, Prof. Dr.
Kramer



Fa. LCIE Landauer Europe, Fontenay-aux-Roses Cedex – France



Fa. SCS Software Computer Solutions GmbH, Aschaffenburg



Ärztliche Stelle Hessen, PD Dr. Walz, Frankfurt



Technische Universität München, Radiologie, Prof. Dr. Rummeny



Karlsruher Institut für Technologie (KIT), Karlsruhe



Firma Saphymo, Frankfurt/a.M.



Firma rz-robotics, Gießen



Firma UBERA, Gießen



Firma Hund, Wetzlar
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Fa. IBA Dosimetry, Freiburg



Fa. PTW, Freiburg



Fa. Unfors Raysafe, Ulm

11
11.1

PUBLIKATIONEN/VORTRÄGE
PUBLIKATIONEN IN ZEITSCHRIFTEN (PEER REVIEW)



Hüttenrauch P, Witt M, Wolff D, Bosold S, Engenhart-Cabillic R, Sparenberg J,
Vorwerk H, Zink K
Dose calculation on daily Cone Beam CT data sets for the investigation of the
target volume coverage and dose to the organs at risk for prostate cancer
patients.
Strahlenther. Onkol. (2013), doi: 10.1007/s00066-013-0483-2
IF: 4.61



von Voigts-Rhetz P, Czarnecki D, Zink K
Effective point of measurement for parallel plate and cylindrical ion chambers in
megavoltage electron beams.
Z Med Phys (2013); doi: 10.1016/j.zemedi.2013.12.001
IF: 1.407



Harder D, Kramer H-M, Miska H, Zink K.
Dosisbegriffe für den Strahlenschutz. Strahlenschutzpraxis 19 (2013) 54-58



Ubrich F, Wulff J, Zink K
Correction factors for source strength determination in HDR brachytherapy using
the in-phantom method.
Z Med Phys (2013); doi: 10.1016/j.zemedi.2013.08.001
IF: 1.407
Ausgezeichnet mit dem PTW-Dosimetriepreis 2013 der DGMP



Grün R, Friedrich T, Krämer M, Zink K, Durante M, Engenhart-Cabillic R, Scholz M
Physical and biological factors determining the effective proton range: An
analysis based on the Local Effect Model.
Med. Phys. 40 (2013) 111716; 1-10
IF: 3.012



Anton M, Kapsch R P, Krauss M, von Voigts-Rhetz P, Zink K, McEwen M
Investigating the difference in the relative response of the alanine dosimeter to
megavoltage x-ray and electron beams.
Phys. Med. Biol. 58 (2013) 3259-3282
IF: 2.922



Czarnecki D, Zink K
Monte Carlo calculated correction factors for diodes and ion chambers in small
photon fields
Phys. Med. Biol. 58 (2013) 2431-2444
IF: 2.922



Andreo P, Wulff J, Burns D, Palmans H
Consistency in reference radiotherapy dosimetry: resolution of an apparent
conundrum when 60Co is the reference quality for charged-particle and photon
beams.
Physics in Medicine and Biology 2013;58 (19):6593
IF: 2.922
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Noël PB, Renger B, Fiebich M, Münzel D, Fingerle AA, Rummeny EJ, Dobritz M.
Does Iterative Reconstruction Lower CT Radiation Dose: Evaluation of 15,000
Examinations. PLoS One. 2013 Nov 26;8(11):e81141. doi:
10.1371/journal.pone.0081141
IF: 3.73



Bergmann T, Maeder U, Fiebich M, Dickob M, Nattkemper TW, Anselmetti D.
Categorization of two-photon microscopy images of human cartilage into states
of osteoarthritis. Osteoarthritis Cartilage. 2013 Aug;21(8):1074-1082. IF: 4.663



Güldner C, Ningo A, Voigt J, Diogo I, Heinrichs J, Weber R et al.
Potential of dosage reduction in cone-beam-computed tomography (CBCT) for
radiological diagnostics of the paranasal sinuses. European archives of oto-rhinolaryngology: official journal of the European Federation of Oto-RhinoLaryngological Societies (EUFOS): affiliated with the German Society for OtoRhino-Laryngology - Head and Neck Surgery 2013;270(4):1307-1315.
IF: 1.608



Beer S, Dobler D, Gross A, Ost M, Elseberg C, Mäder U et al.
In line monitoring of the preparation of water-in-oil-in-water (W/O/W) type
multiple emulsions via dielectric spectroscopy. International journal of
pharmaceutics 2013;441(1-2):643-647
IF: 3.785

11.2

BÜCHER UND BUCHBEITRÄGE

 Wittig A, Zink K, Hornickel C, Engenhart-Cabillic R.
Intraoperative Strahlentherapie. In: Operationsatlas Gynäkologische Onkologie.
Hrsg: Wagner/Hofmann/Bartsch, Springer-Verlag, 2013, ISBN: 978-3-642-35127-3
11.3

SONSTIGE VERÖFFENTLICHUNGEN

 Fiebich M (2013) Möglichkeiten zur Reduktion der Strahlenexposition in der
Computertomographie. mt-Medizintechnik 133 (3), S. 97-112

11.4

TAGUNGSBEITRÄGE, ABSTRACTS

 Voigt JM, Schmidt R, Fiebich M
Auswirkung einer Protokolloptimierung auf die effektive Dosis. In: Treuer H:
DGMP-Tagungsband; Köln; 2013. S. 246-247
 Bohrer E, Voigt JM, Krombach GA, Fiebich M
Durchführung der Formfilterbestimmung nach der COBRA-Methode unter
Verwendung einer 30 cm Ionisationskammer. In: Treuer H: DGMP-Tagungsband;
Köln; 2013. S. 242-245
 Bohrer E, Voigt JM, Krombach GA, Fiebich M
Alternatives und verbessertes Aufzeichnungsverfahrens für die
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Strahlenexposition bei CT-Übersichtsaufnahmen nach §28 RöV. In: Treuer H:
DGMP-Tagungsband; Köln; 2013. S. 254-255
 Piel C, Yoshida H, Cai W, Lee JG, Fiebich M
Effect of filter functions on noise levels and image quality. In: Treuer H: DGMPTagungsband; Köln; 2013. S. 344-346
 Penchev P, Fiebich M
Monte Carlo basierte Optimierung der Bildqualität bei Projektionsaufnahmen.
In: Treuer H: DGMP-Tagungsband; Köln; 2013. S. 468-469
 Shirvanchi P, Kooijman H, Nasirimanesh F, Kramer M, Fiebich M
Bestimmung der Ventilation in der Schweinelunge mittels sauerstoffgestützter
Magnetresonanztomographie. In: Treuer H: DGMP-Tagungsband; Köln; 2013. S.
617-618
 Nasirimanesh F, Shirvanchi P, Kramer M, Fiebich M
Evaluation der elektrischen Impedanztomographie zur Bewertung der
Lungenventilation im Vergleich zu Computertomographie in der
Veterinärmedizin. In: Treuer H: DGMP-Tagungsband; Köln; 2013. S. 736-737
 Radin Nasirudin RAAB, Penchev P, Mei K, Rummeny EJ, Fiebich M; Noël PB
Characterization of spectral x-ray imaging for dental cone-beam computed
tomography. Proc. SPIE 8668, Medical Imaging 2013: Physics of Medical Imaging,
86684S (March 6, 2013); doi:10.1117/12.2008072
 Fiebich M, Voigt JM, Schäfer S, Kolodziej M, Ningo A, Thursar L, Gizewski ER,
Krombach GA
IT-Based Dose Management in Diagnostic Radiology, IFMBE Proceedings Volume
39, 2013, pp 864-867
 Sperling W, Zink K, Wulff J
Referenzdosimetrie in klinischen Photonenfeldern – ein neuer Ansatz zur
Ermittlung des Korrektionsfaktors kQ. Vortrag auf der 44. Jahrestagung der
Deutschen Gesellschaft für Medizinische Physik e.V. (DGMP), 18 – 21. September
2013,Köln. Abstractband (ISBN: 978-3-9816002-1-6) 42-45
Ausgezeichnet mit einem DGMP Reisestipendium 2013
 Czarnecki D, Kleinert K, Sperling W, Zink K
Herausforderungen in der Dosimetrie: Flattening-Filter freie
Linearbeschleuniger – eine Monte Carlo basierte Untersuchung. Vortrag auf der
44. Jahrestagung der Deutschen Gesellschaft für Medizinische Physik e.V.
(DGMP), 18 – 21. September 2013,Köln. Abstractband (ISBN: 978-3-9816002-1-6)
46-48
 Zink K, von Voigts-Rhetz P
Verdrängungseffekt p_dis und Fluenzstörung p_cav bei Flachkammern in
klinischen Elektronenfeldern – die Wiederholung eines historischen
Experiments. Vortrag auf der 44. Jahrestagung der Deutschen Gesellschaft für
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Medizinische Physik e.V. (DGMP), 18 – 21. September 2013,Köln. Abstractband
(ISBN: 978-3-9816002-1-6), 58-62
 Ubrich F, Wulff J, Engenhart-Cabillic R, Zink K
Bestimmung der Kenn-Wasser-Energiedosisleistung von HDRAfterloadingstrahlern via Ionisationskammermessungen im Krieger-Phantom.
Vortrag auf der 44. Jahrestagung der Deutschen Gesellschaft für Medizinische
Physik e.V. (DGMP), 18 – 21. September 2013,Köln. Abstractband (ISBN: 978-39816002-1-6), 304-309
 Göpfert F, Schmidt R, Zink K
Quantitative Analyse der Reduktion von Organdosen im neurovaskulären
Bereich durch Einsatz von ROI-Filtern in der 3D-Conebeam-Angiografie mittels
Monte-Carlo Verfahren. Vortrag auf der 44. Jahrestagung der Deutschen
Gesellschaft für Medizinische Physik e.V. (DGMP), 18 – 21. September 2013,Köln.
Abstractband (ISBN: 978-3-9816002-1-6) 372-375
 Vaupel K, Zink K
Monte-Carlo basierte Ermittlung des effektiven Messortes von
Kompaktkammern in Abhängigkeit des Kammerradius und der
Photonenenergie. Posterbeitrag auf der 44. Jahrestagung der Deutschen
Gesellschaft für Medizinische Physik e.V. (DGMP), 18 – 21. September 2013,Köln.
Abstractband (ISBN: 978-3-9816002-1-6) 510-516
 Kleinert K, Czarnecki D, Zink K
Monte-Carlo basierte Modellierung und Charakterisierung eines
Linearbeschleunigers mit und ohne Ausgleichsfilters für die Anwendung
fluenzmodulierter Bestrahlungsfelder. Posterbeitrag auf der 44. Jahrestagung
der Deutschen Gesellschaft für Medizinische Physik e.V. (DGMP), 18 – 21.
September 2013,Köln. Abstractband (ISBN: 978-3-9816002-1-6) 657-659
 Penchev P, Mäder U, Wolf A, Zink K
Berechnung und Visualisierung der Dosisverteilung einer
Röntgentherapieanlage mittels Monte-Carlo. Posterbeitrag auf der 44.
Jahrestagung der Deutschen Gesellschaft für Medizinische Physik e.V. (DGMP), 18
– 21. September 2013,Köln. Abstractband (ISBN: 978-3-9816002-1-6) 660-662
Ausgezeichnet mit dem VARIAN-Posterpreis 2013
 Graef S, Ammazzalorso F, Wittig A, Weber U, Zink K, Engenhart-Cabillic R, Jelen U
Dosimetrische Konsequenzen intrafraktioneller Target-Bewegungen bei
fraktionierter Strahlentherapie des Prostatakarzinoms mit Kohlenstoffionen
und Rasterscan. Strahlenther Onkol 189 Suppl. 1 (2013) 9
 Vorwerk H, Baumert F, Wolff D, Witt M, Hüttenrauch P, Engenhart-Cabillic R, Zink
K
Wie genau ist IGRT mittels Conebeam-CT in der Anwendung wirklich.
Strahlenther Onkol 189 Suppl. 1 (2013) 44
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 Wolff D, Bosold S, Lewe-Schlosser P, Tsogtbaatar L, Engenhart-Cabillic R, Zink K
3 Jahre IMRT-Verifikation (n=600) mit unterschiedlichen Detektoren und
Verifikationsmethoden. Strahlenther Onkol 189 Suppl. 1 (2013) 56
 Witt M, Hüttenrauch P, Wolff D, Bosold S, Engenhart-Cabillic R, Vorwerk H, Zink K
Nichtrigide B-Spline Registrierung von Conebeam-CTs und Fanbeam-CTs zur
verbesserten retrospektiven Dosisberechnung. Strahlenther Onkol 189 Suppl. 1
(2013) 57
 Hüttenrauch P, Witt M, Wolff D, Engenhart-Cabillic R, Bosold S, Vorwerk H,
Sparenberg J, Zink K
Dosisberechnung auf täglichen Conebeam-CT Datensätzen (CBCT) zur
Untersuchung der Zielvolumenerfassung sowie der Risikoorgandosis bei
Prostatakarzinompatienten. Strahlenther Onkol 189 Suppl. 1 (2013) 61
 Grün R, Friedrich T, Krämer M, Zink K, Durante M , Engenhart-Cabillic R, Scholz M
Analysis of the biological effective proton range with respect to tissue type and
beam modulation characteristics based on the Local Effect Model. 52nd Annual
Conference of the Particle Therapy Co-Operative Group (PTCOG), Essen,
Germany, Juni 2013
 Weber U, Zink K, Schilling M, Ringbaek T P, Bassler N, Bliedtner N
New Design and Manufacturing Technique for a Ripple Filter. 52nd Annual
Conference of the Particle Therapy Co-Operative Group (PTCOG), Essen,
Germany, Juni 2013
 Ammazzalorso F, Graef S, Wittig A, Weber U, Zink K, Engenhart-Cabillic R, Jelen U
Dosimetric consequences of intrafraction target motion in fractionated carbon
ion therapy with raster scanning. 52nd Annual Conference of the Particle
Therapy Co-Operative Group (PTCOG), Essen, Germany, Juni 2013
 Wölfelschneider J, Friedrich T, Zink K, Scholz M, Durante M, Bert C
A fractionated treatment as motion mitigation technique for scanned particle
beam therapy of intra-fractionally moving tumors. 52nd Annual Conference of
the Particle Therapy Co-Operative Group (PTCOG), Essen, Germany, Juni 2013
 Iancu G, Weber U, Kraemer M, Zink K, Durante M
Implementation of fast Monte Carlo in TRiP. 52nd Annual Conference of the
Particle Therapy Co-Operative Group (PTCOG), Essen, Germany, Juni 2013
 Wölfelschneider J, Zink K, Durante M, Bert C
Adaptive techniques for a scanned carbon ion therapy of inta-fractionally
moving tumors. In: DGMP – Tagungsband; Köln; 2013. 173-174.
 Witt M, Weber U, Zink K
Modulationseffekte von Partikelstrahlung beim Durchgang durch poröse
Materialien. In: DGMP – Tagungsband; Köln; 2013. 168-172.
 Von Voigts-Rhetz P, Zink K.
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Determination of the effective point of measurement for parallel plate and
cylindrical chambers. Radiotherapy and Oncology 2013;106(2):423
 Grund AL, Azzam Jai T, Breckow J
Radiation Protection for Radon in Dwellings –Consequences of the ICRP
Publication 115. 9. Symposium der Croatian Radiation Protection Association
CRPA.
 Attia M, Grimm V, Beckow J
Au.raex: an automated, long lasting exposimeter for monitoring persons with
increased Radon-exposure. 9. Symposium der Croatian Radiation Protection
Association CRPA.

11.5

EINGELADENE VORTRÄGE

 J. Breckow: "Haben wir das Strahlenrisiko unterschätzt?", 14.
Strahlenschutzkolloquium Daimler AG, 29. 01. 2013, Stuttgart-Untertürkheim.
 M. Fiebich: Strahlenschutz bei fluoroskopischen Untersuchungen und
Interventionen, vorgetragen bei den Frühjahrskursen der Vereinigung
Südwestdeutscher Radiologen und Nuklearmediziner (VSRN) 2013 als
Refresherkurs, Februar 2013, Karlsruhe
 J. Breckow: "Wohin entwickelt sich der Strahlenschutz?", 18. Fachseminar
Strahlenschutz, Sächsische Fortbildungsstätte, 7.-8. 03. 2013, Dresden.
 M. Fiebich: Bildqualität und Dosis in der Mammografie, vorgetragen beim 94.
Deutschen Röntgenkongress 2013 im Rahmen der MTRA-Fortbildung, Mai 2013,
Hamburg
 M. Fiebich: DVT als Alternative zum CT? - Bildqualität und Strahlenexposition,
vorgetragen beim 94. Deutschen Röntgenkongress 2013 als Refresherkurs, Mai
2013, Hamburg
 M. Fiebich: Strahlenexposition und Strahlenschutz, vorgetragen beim 94.
Deutschen Röntgenkongress 2013 als Refresherkurs, Mai 2013, Hamburg
 J. Breckow: "Wirkung und Risiko ionisierender Strahlung", Sommerschule für
Strahlenschutz, LPS, 17.-21. 06. 2013, Berlin.
 M. Fiebich: Vom Photon zum Bild – Gerätetechnik, Monte Carlo-Verfahren und
Bildverarbeitung in der Mammographie, vorgetragen im Institutsseminar des
Lehrstuhls für Biomedizinische Physik der TU München, Juni 2013, Garching
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 M. Fiebich: Fachkunde und Strahlenschutz in der Digitalen Volumentomographie
(DVT), vorgetragen beim 17. Fortbildungsseminar der AG Physik und Technik der
Deutschen Röntgengesellschaft, Juni 2013, Berlin
 J. Breckow: "Strahlenrisiko unterschätzt: ! oder ?", Jahrestagung des
Fachverbands für Strahlenschutz 2013, 24.-26. 09. 2013, Essen.


M. Fiebich: Digitale Volumentomographie (DVT) – Grundlagen, Dosisaspekte,
Limitationen vorgetragen bei der 48. Jahrestagung der Deutschen Gesellschaft für
Neuroradiologie, Oktober 2013, Köln



M. Fiebich: Grundbegriffe der Informationstechnologie (RIS/PACS / DICOM).
Vorgetragen beim Technologieseminar für Radiologen in der Weiterbildung,
November 2013, Hamburg

 F. A. Rößler: "Entwicklung eines effizienten Messverfahrens zur Bestimmung der
Radonkonzentration als Indikator für die Qualität der Innenraumluft",
Festveranstaltung der Nachwuchsförderung des Deutsch-Schweizerischen
Fachverbands für Strahlenschutz, 29.11.13, Mainz .
 T. Orovwighose: "Invasive Bestimmung der Röhrenspannung bei
Röntgenanlagen", Festveranstaltung der Nachwuchsförderung des DeutschSchweizerischen Fachverbands für Strahlenschutz, 29.11.13, Mainz .
 D. Blum: "Das Zyklotron COMET als Teilchenquelle für die Protonentherapie am
PSI", Festveranstaltung der Nachwuchsförderung des Deutsch-Schweizerischen
Fachverbands für Strahlenschutz, 29.11.13, Mainz.
 J. Breckow: "Strahlenrisiko unterschätzt: ! oder ?", Tagung Strahlenschutz in
Medizin, Forschung und Industrie, TÜV Süd, 10.-11. 12. 2013, Braunschweig.

12

Preise und Auszeichnungen
Auf der 44. Wissenschaftlichen Jahrestagung der Deutschen Gesellschaft für
Medizinische Physik (DGMP) ist die Arbeitsgruppe von Prof. Dr. Klemens Zink mit
zwei wissenschaftlichen Preisen ausgezeichnet worden.
Für die Publikation:
F. Ubrich, J. Wulff, R. Engenhart-Cabillic, K. Zink
Correction factors for source strength determination in HDR brachytherapy using
the in-phantom method
erhielt Frank Ubrich als Erst-Autor den mit 1.500 € dotierten PTW-DosimetriePreis. Die Publikation ist das Ergebnis der Masterarbeit von Frank Ubrich, die in
Kooperation mit der Klinik für Strahlentherapie des Universitätsklinikums Gießen20

Marburg entstanden ist. Die Arbeit behandelt die sogenannte Referenzdosimetrie
in der Brachytherapie und umfasst neben experimentellen Untersuchungen
insbesondere umfangreiche Monte Carlo Simulationen, die am IMPS in der
Arbeitsgruppe von Prof. Dr. Klemens Zink durchgeführt worden sind. Die Arbeit ist
in dem wissenschaftlichen Journal Zeitschrift für Medizinische Physik im Jahr 2013
publiziert worden. Der Preis wird von der DGMP jährlich für die beste publizierte
Arbeit aus dem Bereich der Dosimetrie ionisierender Strahlung verliehen.
Darüber hinaus wurde der Posterbeitrag:
P. Penchev, U. Mäder, A. Wolf, K. Zink
Berechnung und Visualisierung der Dosisverteilung einer Röntgentherapieanlage
mittels Monte Carlo
mit dem mit 750 € dotierten VARIAN-Posterpreis ausgezeichnet. Auch diese Arbeit
beschäftigt sich mit Monte Carlo Simulationen zum Strahlungstransport
hochenergetischer Röntgenstrahlung.

(von rechts)
Petar Penchev, Prof. Dr. Klemens Zink, Frank Ubrich, Prof. Dr. Martin Fiebich
 Rupprecht-Maushart-Preis
Franz Anton Rößler:
Entwicklung eines effizienten Messverfahrens zur Bestimmung der
Radonkonzentration als Indikator für die Qualität der Innenraumluft, 45.
Jahrestagung des Deutsch-Schweizerischen Fachverbandes für Strahlenschutz,
24.09. -26.09.2013 in Essen.
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12.1 IMPS-Preisträger
In jedem Semester wird vom IMPS eine herausragende Arbeit im Bereich der
Medizinischen Physik und des Strahlenschutzes ausgezeichnet:
 Ralph Schmidt (Masterarbeit):
A system for fast dose calculation in Computer Tomography
 Tina Orovwighose (Bachelorarbeit)
Simulation von Radonmessreihen zur Quantifizierung der Anforderungen
an das Luftwechsel-Rekonstruktionsverfahren „RaluQua“.
13


VERANSTALTUNGEN
Straße der Experimente am 26.05.2013
(Arbeitsgruppe Bildgebung)
„Computertomographie - Innovative medizinische Bildgebung“
Institut für Medizinische Physik / Universitätsklinikum Gießen-Marburg



Straße der Experimente, Gießen 26.05.2013
(Arbeitsgruppe Strahlenschutz)
1. Stand: "Nebelkammer: Natürliche Radioaktivität wird sichtbar".
2. Stand: "Ein Liter Licht".
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Institutsseminar
Das Seminar des IMPS findet in der Vorlesungszeit regelmäßig alle 14 Tage statt.
Im Rahmen des Seminars berichten externe Referenten und Institutsmitglieder
aus ihren aktuellen wissenschaftlichen Arbeiten.
Programm Sommersemester 2013

Seminar im SS 2013
jeweils am Mittwoch, 18.30 Uhr
Gebäude A, Großer Hörsaal A815

Termin

Thema

Vortragende/r

17. April 13

Strahlenrisiken unterschätzt: ? oder !

Prof. Dr. Joachim
Breckow / IMPS

8. Mai 13

Dosimetrische Konsequenzen für
Bestrahlungen mit Raster-ScanVerfahren aufgrund von
intrafraktioneller Prostata-Bewegung

Sebastian Gräf
Uni Marburg

Das Radon-Exposimeter "Au.raex"

Merna Attia
IMPS

5. Juni 13

Quantifizierung der Anforderungen an
ein LuftwechselRekonstruktionsverfahren

Tina Orovwighose
IMPS

19. Juni 13

Innovationen für die Optimierung
medizinischer bildgebender Diagnostik
mit ionisierender Strahlung

Prof. Dr. Christoph
Hoeschen
HelmholtzZentrum
München

3. Juli 13

Einsatz eines Festkörperdetektors in der
Ionenstrahltherapie

Julian Horn
HIT Heidelberg

22. Mai 13
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Programm Wintersemester 2013/2014

Seminar im WS 2013/14
jeweils am Mittwoch, 18.30 Uhr
Gebäude A, Großer Hörsaal A815

Termin

14

Thema

Vortragende/r

20. Nov. 13

Einfluss von Bewegungskorrekturalgorithmen auf die Analyse von restingstate fMRT-Datensätzen

Michael Bietenbeck
IMPS

4. Dez. 13

Das "Detriment" im Strahlenschutz nach
ICRP 103

Sara Amalhaf IMPS

8. Jan. 14

Krank durch Handys? - Mythen und
Fakten -

Prof. Dr. Alexander
Lerchl Jacobs
University Bremen

22. Jan. 14

Systemtheoretische Modellierung von
Stofftransporten zwischen SystemKompartimenten

Samaneh Emami
IMPS

5. Feb. 14

Funktionelle Bildgebung der Lunge

Faranak
Nasirimanesh,
Payam Shirvanchi
IMPS

WISSENSCHAFTLICHE GESELLSCHAFTEN UND GREMIEN



Prof. Dr. J. Breckow: Mitglied der Deutschen Strahlenschutzkommission
(Hauptkommission der SSK) 1998 bis 2004, berufen durch BM J. Trittin, und seit
2012, berufen durch BM P. Altmaier



Prof. Dr. J. Breckow: Vorsitzender des Ausschusses "Strahlenrisiko" (Mitglied seit
1994, dienstältestes Mitglied des Ausschusses).



Prof. Dr. J. Breckow: Mitglied des "Steering Committee on the German Uranium
Mining Studies" (seit 1998)
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Prof. Dr. J. Breckow: Vorsitzender der AG "Dosis- und Dosisleistungsreduktionsfaktor, DDREF" (seit 2009)



Prof. Dr. J. Breckow: Direktoriumsmitglied Fachverband Strahlenschutz e.V. (seit
2006)



Prof. Dr. J. Breckow: Deutsches Mitglied (Board Member) der International
Radiation Protection Association (IRPA) (seit 2007)



Prof. Dr. J. Breckow: Präsident Fachverband Strahlenschutz e.V. (2012-2013). Mit
der Präsidentschaft verbunden ist die Leitung der deutschen Delegation (Head and
Board Member) in der International Radiation Protection Association (IRPA), dem
Weltverband für Strahlenschutz.



Prof. Dr. J. Breckow: Mitglied im IAEA-Expert Panel "Radiation Protection of
Patients (RPoP)" der International Atomic Energy Agency (IAEA) (2008 bis 2013).



Prof. Dr. J. Breckow: Mitglied im 15-köpfigen "Kompetenzverbund
Strahlenforschung (KVSF)" (seit 2010).



Prof. Dr. J. Breckow: Mitglied des Programmkomitees der jährlichen Tagung
"Strahlenschutz in Medizin, Forschung und Industrie", TÜV Süd



Prof. Dr. J. Breckow: Mitglied des Organisations- und Programmkomitees FSJahrestagung 2015, Baden/Wien



Prof. Dr. M. Fiebich: Mitglied des Arbeitsgruppe „Strahlenschutztechnik“ der
Strahlenschutzkommission (seit 2011)



Prof. Dr. M. Fiebich: Obmann des Arbeitsausschusses AA6 Bildgebende Verfahren
des Normenausschusses Radiologie (NAR) im DIN (seit 2010)



Prof. Dr. M. Fiebich: Leiter des Arbeitskreises Medizintechnik-Kompetenzzentrum
der Region Mittelhessen (seit 2006)



Prof. Dr. M. Fiebich: Mitarbeit im IEC (seit 2005)



Prof. Dr. M. Fiebich: verantwortlicher Schriftleiter der Zeitschrift „mt –
Medizintechnik“ (seit 2001)



Prof. Dr. M. Fiebich: Mitglied in folgenden Berufsverbänden: American
Association of Physicists in Medicine (AAPM), Deutsche Gesellschaft für
Medizinische Physik (DGMP), Mitglied der Deutschen Röntgengesellschaft (DRG),
Society of Photo-optical Instrumentation Engineers (SPIE), Verband Deutscher
Ingenieure (VDI)



Prof. Dr. M. Fiebich: Mitglied im Normenausschuss Radiologie (NAR) des
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Target volume coverage
and dose to organs at risk in
prostate cancer patients
Dose calculation on daily
cone-beam CT data sets

dose uncertainty that we intend to achieve
on the CBCT data, due to technical errors,
should be less than 3%.
Several authors [2, 10, 12, 16] have investigated the use of CBCT scans for dose
calculation as part of an adaptive radiotherapy strategy, in the majority of cases
by manipulating the image data (HUs of
the CBCTs) in several ways to obtain the
calibration curve for dose calculations. By
contrast, our dose calculations are based
on calibration without manipulating the
image data in any way.
On the basis of the calibration curve,
the improvement of the target volume
coverage achieved by the daily CBCTbased positioning correction can be ver-

ified by evaluating the dose distribution
with and without the performed translation. Likewise, the dose actually applied
to the OAR—bladder and rectum—can
be quantified after newly contouring the
CBCT data to evaluate the consequences
of morphological changes.

Materials and methods
CBCT data sets
The investigations were performed with
an Elekta Synergy accelerator, equipped
with an integrated kilovoltage X-Ray Volumetric Imaging System (Elekta, Synergy,
XVI, Crawley, UK) to acquire the daily

2
CT
CIRS
CatPhan
Pat1
Pat2
Pat3

1.5

Fig. 1 7 CBCT calibration. The CatPhan data
show the best agreement with the patient
CBCT Hounsfield unit
(HU) values in the soft
tissue area and were
used for dose calculation; zoom in the range
of electron density 1.
CBCT cone-beam computed tomography

ED

Modern radiotherapy treatment techniques such as intensity modulated radiation therapy (IMRT) or volumetric modulated arc therapy (VMAT) allow a highly conformal dose application to be made
for complex target volumes with an optimal protection of surrounding healthy tissue [7, 15, 19, 20, 21]. Thus, based on the
achievable steep dose gradients, a dose escalation in the target volume at the same
or decreasing level of side effects compared with conventional three-dimensional conformal radiotherapy is possible [8].
However, a further dose escalation is
restricted, because of residual uncertainties due to patient positioning as well as
intra- and interfractional organ motions
induced, for example, by different filling states in the bladder and rectum [2].
The latter may result in a daily under- or
overdosage in the target volume and the
organs at risk (OAR) [17, 18]. Therefore,
the use of image-guided radiation therapy (IGRT) and adaptive radiotherapy is
meaningful. A matter of special importance regarding IGRT is the daily kilovoltage cone-beam computed tomography (CBCT), which additionally provides
the opportunity to recalculate the actual
applied dose retrospectively on the basis
of correct Hounsfield unit (HU) to electron density (ED) calibration. The aspired
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were compared with the HU values from
three different patient CBCTs using ROIs
in the areas water (bladder), bone, muscle, and fat.

Evaluation of Hounsfield
unit calibration

Fig. 2 8 CBCT of the Alderson pelvis phantom with four-field radiation box
(four opposing beams: blue, red, yellow, green). The whole phantom was
overwritten with a density of 1 g/cm3; dose comparison in region of interest
(red); green line: 95% isodose. CBCT cone-beam computed tomography

Fig. 3 9 a, b, c Gamma index (VMAT): patient 6. Comparison
of PCT (solid line) and
CBCT (dashed line)
of the 11th fraction.
SAD: 100, local dose;
passing criteria: a
2 mm/2%, b 3 mm/3%,
c 5 mm/5%. VMAT volumetric modulated arc
therapy PCT planning
computed tomography, CBCT cone-beam
computed tomography, SAD source-to-axis distance

CBCT data. The clinical protocol used the
following parameters: 360° scan; 120 kV;
slice thickness: 0.5 cm.

Hounsfield units to electron
density calibration
To calculate the daily dose distribution on
the CBCT data sets, a calibration of the
HUs to ED is required for inhomogeneity corrections [10]. This was realized with
the CIRS phantom (CIRS Tissue Simula-

2 |
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tion and Phantom Technology, Norfolk,
VA, USA) and the CatPhan® 503 phantom
(CatPhan® CTP503, Phantom Laboratory,
Salem, NY, USA) [14]. The phantoms were
scanned with the standard clinical protocol and the HU for each material insert
was extracted within a region of interest
(ROI) and assigned to the known related
relative ED to generate a calibration curve
for the treatment planning system. To verify which calibration curve is best for dose
recalculation, the HUs from the phantoms

The uncertainty of the established calibration curve for the CBCT and therefore the
uncertainty of the dose calculation based
on CBCT data sets was evaluated in a homogeneous and an inhomogeneous situation. For the homogeneous case, the Alderson pelvis phantom (Radiological Support Devices, USA) was scanned with the
CT and the CBCT. In both image data
sets, the density was set to the density of
water and a treatment plan with four opposing beams (20×20 cm) and 18 MV-X
photons was generated to create a dose
distribution in an ROI (see . Fig. 2).
The calculated dose in the ROI was compared between CT and CBCT using the
data points DV99%, DV95%, DV50%, DV05%,
and DV01% from the dose–volume histogram (DVH). The index Vx% denotes the
relative volume exposed to at least x Gy.
The differences were taken as an approximation for the dose calculation uncertainty based on CBCT data sets for homogeneous cases.
In the second case, a VMAT treatment
plan was used to evaluate the accuracy of
the dose calculations on CBCT data sets
regarding inhomogeneous patient plans.
The dose was calculated on both the planning CT and CBCT. The software VeriSoft (PTW, Freiburg) was applied to compare the dose distributions on the CT and
CBCT by overlapping the VMAT plans.
The gamma index evaluates the conformity of both plans by applying different
acceptance criteria (2 % in dose and 2 mm
DTA, 3%/3mm, 5%/5mm) along planes
through the isocenter perpendicular to
the beam axis.

Patient data
For this retrospective study, 7 prostate
cancer patients were randomly chosen
from the present patient pool of the department. For all patients, the target volume was the prostate including the seminal vesicles. The contoured OAR were

Abstract · Zusammenfassung
the rectum and the bladder. All structures
were delineated by the attending physician based on the planning CT data sets.
All patients were treated with the VMAT
technique; the prescribed mean dose to
the planning target volume (PTV) was
50.4 Gy. The constraints regarding the
OAR for VMAT plan optimization were
Dmean =25 Gy for the rectum and D95%
<30% for the bladder. For all patients,
these constraints were nearly fulfilled for
the treatment plan and allow for the safe
application of a boost treatment of up to
76 Gy. The boost treatment was not considered in this study. All treatment plans
were calculated with the Pinnacle treatment planning system (version 9.2, ADAC
Laboratories, Milpitas, CA, USA) applying the collapsed cone convolution superposition dose calculation algorithm.
For every patient, 14 out of 28 CBCT
data sets were randomly chosen to recalculate the dose distribution. The only selection criterion was little to no air in the
rectum to avoid uncertainties in the dose
calculation caused by the algorithm. The
existing VMAT treatment plans were
transferred to the CBCT data sets without any changes (same MUs) and the dose
was calculated for two different isocenters.
The first one is the isocenter without the
positioning correction vector (CBCTwcorr). It results from the patient positioning according to the skin markers. The
second isocenter (CBCTcorr) arises from
the daily correction of the patient in translational directions by matching the anterior rectum wall and the bottom of the
bladder between the CT reference data
and the CBCT, which is common practice
in our department. Rotational deviations
were not considered because the couch is
not equipped with a robotic patient positioning platform with six degrees of freedom. Thus, the isocenter CBCTcorr results
from the application of the translational vector from the daily positioning correction to the original isocenter (CBCTwcorr). The dose in the PTV was calculated
for both cases (CBCTcorr and CBCTwcorr)
and evaluated by using the points DV99%,
DV95%, DV50%, DV05%, and DV01% from the
DVH. The comparison of the dose in the
PTV between the CBCTcorr and the CBCTwcorr can be used to evaluate the benefit from the daily positioning correction

Strahlenther Onkol 2013 · [jvn]:[afp]–[alp]  DOI 10.1007/s00066-013-0483-2
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Target volume coverage and dose to organs at risk in prostate
cancer patients. Dose calculation on daily cone-beam CT data sets
Abstract
Purpose. On the basis of correct Hounsfield
unit to electron density calibration, conebeam computed tomography (CBCT) data
provide the opportunity for retrospective
dose recalculation in the patient. Therefore,
the consequences of translational positioning corrections and of morphological changes in the patient anatomy can be quantified
for prostate cancer patients.
Materials and methods. The organs at risk
were newly contoured on the CBCT data sets
of 7 patients so as to evaluate the actual applied dose. The daily dose to the planning target volume (PTV) was recalculated with and
without the translation data, which result
from the real patient repositioning.
Results. A CBCT-based dose recalculation
with uncertainties less than 3% is possible.
The deviations between the planning CT
and the CBCT without the translational positioning correction vector show an average

dose difference of −8% inside the PTV. An
inverse proportional relation between the
mean bladder dose and the actual volume
of the bladder could be established. The daily applied dose to the rectum is about 1–54%
higher than predicted by the planning CT.
Conclusion. A dose calculation based on
CBCT data is possible. The daily positioning
correction of the patient is necessary to avoid
an underdosage in the PTV. The new contouring of the organs at risk— the bladder
and rectum—allows a better appraisal to be
made of the total applied dose to these organs.
Keywords
Adaptive radiotherapy · Cone-beam
computed tomography · Prostate cancer ·
Dose recalculation · Image-guided radiation
therapy

Zielvolumenerfassung und Risikoorgandosis bei
Prostatakarzinompatienten. Dosisberechnung
auf täglichen Cone-Beam-CT-Datensätzen
Zusammenfassung
Ziel. Basierend auf einer Kalibrierung der
Hounsfield-Einheiten zur Elektronendichte bieten Cone-Beam-Computed-Tomography-(CBCT)Datensätze die Möglichkeit, die
applizierte Dosis im Patienten retrospektiv
zu berechnen. Auf dieser Grundlage können
die Konsequenzen einer Lagerungskorrektur und der morphologischen Veränderungen für Prostatakarzinompatienten quantifiziert werden.
Materialien und Methoden. Die Risikoorgane wurden auf den CBCT-Daten von 7 Patienten neu konturiert, um die tatsächlich applizierte Dosis zu evaluieren. Die tägliche Dosis im Planungszielvolumen (PTV) wurde mit
und ohne die real erfolgten Translationsdaten
neu berechnet.
Ergebnisse. Eine Dosisberechnung auf
CBCT-Datensätzen mit Unsicherheiten kleiner
3% ist möglich. Die Abweichungen zwischen
Planungs-CT und CBCT ohne Berücksichti
gung der bildgestützten Repositionierung

of the patient regarding the target volume
coverage.
In addition to the above-described target volume coverage, information regard-

des Patienten zeigen im Mittel eine Dosisdifferenz von −8% im PTV. Es konnte ein
umgekehrt proportionaler Zusammenhang
zwischen der mittleren Dosis in der Blase und
dem tatsächlichem Volumen der Blase festgestellt werden. Die täglich applizierte Dosis
im Rektum ist zwischen 1 und 54% höher, als
im Planungs-CT berechnet wurde.
Schlussfolgerung. Eine Dosisberechnung
auf CBCT-Datensätzen ist möglich. Die tägliche Lagerungskorrektur des Patienten ist
nötig, um eine Unterdosierung im Zielvolumen zu vermeiden. Die Neukonturierung der
Risikostrukturen ermöglicht eine bessere Abschätzung der tatsächlich applizierten Dosis
in Blase und Rektum.
Schlüsselwörter
Adaptive Strahlentherapie · Cone-beamComputertomographie · Prostatakarzinom ·
Dosisnachberechnung · Image-guidedRadiotherapie

ing the OARs can be acquired. To account
for the daily changes of bladder and rectum volume, seven out of the 14 fractions
were newly contoured by the author to deStrahlentherapie und Onkologie 2014
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Tab. 1

. Fig. 2) showed a maximum deviation

Dose in ROI (. Fig. 2) for the PCT and CBCTa

ROI
DV95%
DV99%
DV50%
DV05%
DV01%

PCT (Gy)
55.5
55.4
55.8
56.0
56.1

CBCT (Gy)
55.5
55.4
55.7
56.0
56.2

Diff. (%)
−0.01
0.00
−0.09
0.01
0.21

aDeviations stand for the dose uncertainties in the calculation in a homogeneous area ROI region of interest,

of 0.21% for the DV01% and a deviation of
−0.09% for the DV50% (see . Tab. 1). A
VMAT plan was used to assess the dose
distribution in an inhomogeneous area
(patient data). Thereby, 97.8% of the pixels passed the common gamma 3%/3 mm
criterion (see . Tab. 2, . Fig. 3a, b, c).

PCT planning computed tomography, CBCT cone-beam computed tomography, Diff. difference

Tab. 2

Passing criteria
2 mm/2%
3 mm/3%
5 mm/5%
Tab. 3

Patient data

Passing criteria with corresponding gamma index for . Fig. 3a, b, c

Translational positioning correction

Gamma index (%)
94.3
97.8
99.9

Dose parameters DV95% and DV50% for the PTV calculated on the CBCT data setsa

PTV
PCT (Gy)
DV95% (Gy)
DV50% (Gy)

49.1
51.1

CBCTcorr ±σ
(Gy)
48.7±0.2
51.0±0.1

Diff. (%)
−0.8
−0.3

CBCTwcorr ±σ
(Gy)
45.1±5.0
50.4±1.2

Diff. (%)
−8.0
−1.5

aThe data are averaged over 7 patients and 14 fractions. The indices denote whether a positioning correction is

performed (corr) or not (wcorr)PTV planning target volume, PCT planning computed tomography, CBCT conebeam computed tomography

Tab. 4
Patient 1
Patient 2
Patient 3
Patient 4
Patient 5
Patient 6
Patient 7

Translational positioning correction vectors averaged over 28 fractions
Anterior
0.5
0.1
0.2
0.1
0.3
0.1
0.2

Posterior
0.5
0.3
0.3
0.3
0.3
0.3
0.8

Cranial
0.3
0.2
0.1
0.2
0.2
0.2
0.1

termine the actual delivered dose to these
organs. The mean dose (Dmean_Bladder) and
the daily volume of the bladder were used
to analyze the consequences of daily volume changes.
The newly contoured rectum on the
CBCT data with positioning correction
(CBCTcorr) was compared with the calculated dose on the planning CT for every patient, using the data DV50% from the
DVH, averaged over seven fractions. During the contouring of the rectum, care was
taken that the new contours were equal to
the PCT in terms of extension, since the
cranial and caudal border of the contoured organ are not uniformly defined
[5].
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Caudal
0.5
0.3
0.3
0.9
0.4
0.6
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Left
0.2
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0.3
0.3
0.4

Right
0.4
0.3
0.2
0.3
0.2
0.1
0.5

Results
Hounsfield units to electron
density calibration

Regarding the DV95% value for the PTV,
there was on average a decrease in the
range of 8% compared with the planning
CT data if the daily isocenter correction
is not considered (see . Tab. 3). Applying the CBCT-based patient positioning,
the mean change in the DV95% value was
only 1% (see . Fig. 4). The average shifting vectors range from 0.1 to 0.9 cm maximum (see . Tab. 4). A correlation between the size of the shifting vector and
the difference in the target volume coverage was not observed.

Bladder
. Fig. 5 shows that the bladder volume is

inversely proportional to the applied dose
(R2 =0.94). Hence, the larger the volume,
the smaller the dose and vice versa. An example of the volume dilatation of the bladder is shown in . Fig. 6 where the CBCT
and the planning CT structures are visible. The bladder volume in the PCT was
271 cm3 (0.6 Gy daily dose) and 55 cm3
(1.2 Gy daily dose) on the day of treatment.

Rectum

In . Fig. 1 it can be seen that the data
from the CatPhan® 503 showed the best
agreement with the HUs from the patient
CBCTs. Therefore, the CatPhan® 503 calibration curve (red) from . Fig. 1 was
used for dose calculation.

The dose applied to the rectum was between 1% (patient 2) and 54% (patient 6)
higher than predicted on the planning CT
(see . Fig. 7a, b, c, d, e, f, g, . Tab. 5).

Evaluation of Hounsfield
unit calibration

The purpose of this study was to evaluate the consequences of morphological
changes in patient anatomy on the dose
distribution for a fractionated radiotherapy of prostate cancer. Besides the dose
coverage of the PTV, the consequences for
the OAR—the bladder and rectum—were

The dose uncertainty was evaluated in a
homogeneous and inhomogeneous volume. The dose in the ROI (red) inside the
homogeneous Alderson phantom (see

Discussion
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Fig. 4 8 Summed dose–volume histogram of the PTV. Dose calculation on
CBCT data with (black) and without (green) the translational positioning
vectors. The data are averaged over 14 fractions and 7 patients. Additionally, the 95% confidence interval is given (dashed line;blue, red). PTV planning
target volume, CBCT cone-beam computed tomography
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Fig. 5 9 Patient 2: Calculated dose (Dmean) of
the newly contoured
bladder in connection
with the daily volume.
R2 = coefficient of determination

Fig. 6 9 CBCT from patient 2. Fraction 6 with
contours from planning CT: PTV (red),
bladder_PCT (green),
bladder_CBCT (yellow), rectum (blue).
Bladder volume: PCT,
271 cm3; CBCT, 55 cm3.
PTV planning target
volume, PCT planning
computed tomography, CBCT cone-beam
computed tomography

investigated. Moreover, the improvement
of the target volume coverage achieved by
the daily CBCT-based patient positioning
could be quantified.
CBCT image quality is inferior to diagnostic fan-beam CT because of increased
scatter and reduced contrast of large projection field sizes [1, 2, 12, 13, 22]. However, Bowtie filters, optimized image acquisition pre-sets, optimized reconstruction
algorithms, and appropriate quality assurance ensure acceptable image quality
and guarantee a sufficient soft tissue contrast [1]. In this study, it could be shown
that a dose calculation applying the generated HU calibration curve was possible with an uncertainty in the range of 3%
(see . Tab. 1, 2). Several authors [2, 10,
12, 16] have investigated the use of CBCT
scans for dose calculation as part of an
adaptive radiotherapy concept with different approaches. Boggula et al. [2] utilized an in-house software to modify the
CBCT data to obtain a proper density calibration. They demonstrated that an accurate dose calculation with an uncertainty of 1–3% is possible. Hu et al. [10] developed the same pixel correction strategy as
Richter et al. [12] by using a patient-specific calibration and achieved an inaccuracy of no more than 1–2%. A different approach was proposed by Ding et al. [4] as
well as Guan and Dong [6]. They generated the calibration curve in the same way
as presented in this paper. Ding et al. [4]
found their plans to disagree within 1–3%
and Guan and Dong [6] achieved a maximal dose difference of 2.5% in the IMRT
plans without any pixel correction strategies. We achieved an uncertainty of about
3%, which is comparable to the published
data.
Regarding the accomplished accuracy, we moved one step further by evaluating the consequences of morphological changes for the OAR. Additionally, it
was possible to evaluate the benefit for the
PTV, achieved by the CBCT-based correction of the patient position. In . Fig. 4 it
can be seen that the target coverage for
the daily fraction without CBCT-based
positioning was insufficient. Regarding
the DV95% value, there is on average a decrease in the range of 8% compared with
the planning CT data. This corresponds to
a dose of about 4 Gy for the whole treatStrahlentherapie und Onkologie 2014
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ment (50.4 Gy). In comparison, Rajendran et al. [11] described a deficit of 10 Gy
in the prescribed dose delivered to 95% of
the PTV if daily imaging and repositioning is not applied. Using CBCT-based patient positioning our data show that the
mean change in the DV95% value can be reduced to 1% (see . Tab. 3).
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50

Owing to different fillings of the rectum and bladder, both organs have to be
re-contoured in the daily CBCT data sets
to assess the daily dose to these OAR. Our
results show that the volume of the bladder correlates with the mean bladder dose
Dmean. . Fig. 5 shows that both values are
inversely proportional. The planning CT

Fig. 7 9 a–g Averaged rectum dose (green) after new
contouring and 95% confidence interval (red) compared with planned dose
(black) for every patient

is performed with a full bladder and despite patient enlightenment, the bladder
filling differs in every fraction. Regarding
the bladder, the volume differences are not
always as severe as in the presented example (see . Fig. 6), yet they are not negligible. Hille et al. [9] reported an increased
bladder toxicity when more than 30% of

Dose parameter DV50% for the newly contoured rectum calculated on the CBCT data
sets compared with the rectum dose on the planning CTa
Tab. 5

DV50% Rectum
Patient 1
Patient 2
Patient 3
Patient 4
Patient 5
Patient 6
Patient 7

PCT (Gy)
27.9
21.6
30.9
25.9
22.8
24.9
22.6

CBCTcorr (Gy)
29.2
21.9
33.6
27.5
29.2
38.4
28.4

Diff. (%)
5
1
9
6
28
54
26

aThe data are averaged over seven fractionsPCT planning computed tomography, CBCT cone-beam computed

tomography, Diff. difference

the bladder receives over 65 Gy. Late complications such as bladder contracture or
volume loss are also described. The presented results as well as recently published
papers [3, 9] show that a small organ volume results in higher doses and larger side
effects. Therefore, it is more advantageous
to treat patients with a full bladder protocol to reduce toxicity.
The rectum receives on average a
higher dose than calculated on the PCT
(see . Fig. 7). The data summarized
in . Tab. 5 show that the deviations in
DV50% comparing the planning CT data
and the CBCT data sets may be as large
as 50%.

Conclusion
This study showed that CBCT data provide a suitable approach in adaptive radiotherapy that may be useful in clinical routine to respond adequately to daily anatomy variations of patients so as
to optimize therapeutic success and protection of the OAR. The presented method offers a good possibility for evaluating the daily applied dose for the bladder
and rectum. However, a daily plan adaption with new organ contouring and PTV
adaption would require a new plan optimization. Whether this re-optimization
could improve the plan quality markedly
cannot be answered at this stage but will
be evaluated in a further study.
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Abstract
For the purpose of clinical source strength determination
for HDR brachytherapy sources, the German society for
Medical Physics (DGMP) recommends in their report 13
the usage of a solid state phantom (Krieger-phantom) with
a thimble ionization chamber.
In this work, the calibration chain for the determination
of the reference air–kerma rate K̇a,100 and reference dose
rate to water Ḋw,1 by ionization chamber measurement in
the Krieger-phantom was modeled via Monte Carlo simulations. These calculations were used to determine global
correction factors ktot , which allows a user to directly convert the reading of an ionization chamber calibrated in
terms of absorbed dose to water, into the desired quantity K̇a,100 or Ḋw,1 . The factor ktot was determined for
four available 192 Ir sources and one 60 Co source with
three different thimble ionization chambers. Finally, ionization chamber measurements on three Selectron V2
HDR sources within the Krieger-phantom were performed
and K̇a,100 was determined according to three different methods: 1) using a calibration factor in terms of
absorbed dose to water with the global correction factor
(ktot )K̇a,100 according DGMP 13 2) using a global correction factor calculated via Monte Carlo 3) using a direct
reference air–kerma rate calibration factor determined by
the national metrology institute PTB.
The comparison of Monte Carlo based (ktot )K̇a,100 with
those from DGMP 13 showed that the DGMP data
were systematically smaller by about 2-2.5%. The

Korrektionsfaktoren zur Bestimmung der
Quellenstärke von
HDR–Brachytherapiequellen mittels der
Phantom-Methode
Zusammenfassung
Für die klinische Bestimmung der Quellenstärke von
HDR-Brachytherapie-Quellen empﬁehlt die Deutsche
Gesellschaft für Medizinische Physik (DGMP) in ihrem
Bericht Nr. 13 die Verwendung eines Festkörperphantoms
(Krieger-Phantom) mit Kompaktionisationskammer.
In dieser Arbeit wurde die komplette Kalibrierkette
zur Bestimmung der Referenz-Luftkerma-Leistung K̇a,100
und der Referenz-Wasserenergiedosis-Leistung Ḋw,1 mittels Ionisationskammermessung im Krieger-Phantom mit
Hilfe von Monte-Carlo-Simulationen nachempfunden. Die
Berechnungen wurden genutzt, um einen globalen Korrektionsfaktor ktot zu bestimmen, der es dem Anwender
erlaubt, die Anzeige der in Wasserenergiedosis kalibrierten Ionisationskammer in die gewünschte Größe
K̇a,100 bzw. Ḋw,1 zu konvertieren. Der Faktor ktot
wurde für vier verschiedene 192 Ir-Quellen und eine
60 Co–Quelle mit jeweils drei unterschiedlichen Kompaktionisationskammern bestimmt. Schließlich wurden
Messungen mit den Ionisationskammern im KriegerPhantom an drei unterschiedlichen Selectron-V2Quellen durchgeführt und daraus die Größe K̇a,100
nach drei unterschiedlichen Methoden bestimmt: 1)
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experimentally determined (ktot )K̇a,100 , based on the direct
K̇a,100 calibration were also systematically smaller by
about 1.5%. Despite of these systematical deviations, the
agreement of the different methods was in almost all
cases within the 1 level of conﬁdence of the interval
of their respective uncertainties in a Gaussian distribution. The application of Monte Carlo based (ktot )K̇a,100
for the determination of K̇a,100 for three Selectron V2
sources revealed the smallest deviation to the manufacturer’s source certiﬁcate. With the calculated (ktot )K̇a,100
for a 60 Co source, the user is now able to accurately
determine K̇a,100 of a HDR 60 Co source via in-phantom
measurement. Moreover, using the presented global correction factor (ktot )Ḋw,1 , the user is able to determine the
future source speciﬁcation quantity Ḋw,1 with the same
in-phantom setup.

unter
Verwendung
des
WasserenergiedosisKalibrierfaktors in Kombination mit dem globalen
Korrektionsfaktor (ktot )K̇a,100 nach DGMP 13, 2) Verwendung des globalen Faktors aus einer Monte–Carlo
Simulation, 3) mit Hilfe des von der Physikalisch
Technischen Bundesanstalt (PTB) bestimmten direkten
Referenz–Luftkerma–Kalibrierfaktors.
Der Vergleich der Monte-Carlo-basierten Faktoren
(ktot )K̇a,100 , mit denen des DGMP Bericht 13, zeigte dass die
DGMP–Daten systematisch um etwa 2-2.5% geringer sind.
Die experimentell bestimmten Faktoren (ktot )K̇a,100 , welche
auf der direkten K̇a,100 -Kalibrierung basieren, waren
ebenfalls systematisch um etwa 1.5% geringer. Trotz dieser
systematischen Abweichungen lag die Übereinstimmung
der verschiedenen Methoden in nahezu allen Fällen innerhalb des 1-Konﬁdenzintervalls einer Gaußverteilung
ihrer entsprechenden Unsicherheiten. Die Anwendung
des Monte-Carlo-basierten Korrektionsfaktors zur Bestimmung von K̇a,100 für drei unterschiedliche Quellen vom
Typ Selectron V2 ergab die geringste Abweichung zum
Quellenzertiﬁkat des Herstellers. Mit dem berechneten
Faktor (ktot )K̇a,100 für eine 60 Co-Quelle ist der Anwender in der Lage K̇a,100 einer HDR 60 Co-Quelle mittels
der Phantom-Methode zu bestimmen. Weiterhin ist es mit
den präsentierten globalen Korrektionsfaktoren (ktot )Ḋw,1
möglich, mit Hilfe des bekannten Phantom-Messaufbaus,
die zukünftige Quellen-Speziﬁkationsgröße Ḋw,1 zu bestimmen.

Keywords: HDR brachytherapy, source strength,
Monte Carlo simulations, solid state phantom,
ionization chamber, global correction factor

Schlüsselwörter: HDR Brachytherapie, Quellenstärke,
Monte-Carlo-Simulationen, Festkörperphantom,
Ionisationskammer, globaler Korrektionsfaktor

1 Introduction
A key step for accurate dose delivery in radiotherapy is
the determination of the absorbed dose to water Dw . All current dosimetry protocols [1,2] in teletherapy are based on this
quantity and ionization chambers are nowadays usually calibrated in terms of Dw . In contrast, the dosimetry of photon
brachytherapy is usually still based on the concept of airkerma [3]. Therefore, the ICRU (international commission on
radiation units) recommends the use of reference air-kerma
rate K̇a,100 [4–6] for the specification of brachytherapy photon sources. The AAPM (American Association of Physicists
in Medicine) recommends the use of the air-kerma strength
Sk [7,8], which is slightly different concerning the definition. Nevertheless, both quantities provide the same numerical
value at a source distance of 1 m. Prior to the calculation of
dose distributions in water, it is necessary to convert the kerma
based measure into absorbed reference dose rate to water
Ḋw,1 (absorbed dose rate to water in water for a reference

distance of 1 cm to the source). This further requires the application of a dose rate constant Λ = Ḋw,1 /Sk [8]. However, the
determination of this source type specific constant is associated with comparatively large standard uncertainties of up to
3% [9].
The reason for the inconsistency between the metrological
base quantities Dw and K̇a,100 is based on the fact that primary standards as well as secondary or transfer standards of
absorbed dose to water Dw were not available for brachytherapy photon sources up until now. However, as part of a
European research project (EMRP) [10] those standards were
developed in the past three years [11–15] and absorbed reference dose rate to water Ḋw,1 is the intended base quantity of
the future. With the newly developed primary standards, Selbach et al. [11] were able to determine dose rate constants Λ
for different types of 192 Ir high dose rate (HDR) brachytherapy sources with combined standard uncertainties of <2%.
Accordingly the uncertainty in the determination of absorbed
dose rate to water at a distance of 1 cm from the source Ḋw,1
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amounts to 1 - 1.5% [12,13]. That means the uncertainty of the
conversion from K̇a,100 to Ḋw,1 could be reduced and moreover the calibration of a transfer standard in terms of Ḋw,1 is
possible with a comparatively low uncertainty.
Until the absorbed dose to water concept is implemented,
the specification of HDR brachytherapy sources by the manufacturer in terms of K̇a,100 will remain. The recommended
clinical verification of the source strength by the user according to national and international guidelines [3,16–19] will
likewise be based on air-kerma for the time being. Generally, three different routes are available for clinical source
strength verification: measurement with a well-type chamber, measurement with thimble ionization chambers free in
air or within a solid state phantom. Report No. 13 of the German society for Medical Physics (DGMP) [20] describes all
three methods and recommends method number three [21].
Other international guidelines [16,17,19,22–24] do not recommend in-phantom measurements as standard procedure or
do not mention it at all. The advantage of the determination of K̇a,100 with an ionization chamber in a solid state
phantom is the robust setup and the relatively cheap phantom equipment. Furthermore the required ionization chambers
calibrated in terms of Dw can usually be found in every radiotherapy department. The main disadvantage of this method
is however that several correction factors are needed to convert the ionization chamber’s reading into the quantity K̇a,100 .
These factors are associated partly with large uncertainties
and are only available for the radionuclide 192 Ir. No correction factors are available in DGMP report No. 13 for source
strength determination of HDR 60 Co sources within a solid
state phantom.
Since about two years, the Physikalisch Technische Bundesanstalt (PTB) offers the direct calibration of thimble
ionization chambers in combination with solid state phantoms
as transfer standard for K̇a,100 in radiation fields of HDR 192 Ir
and 60 Co sources [25–28]. This is an important progress to
reduce the dosimetric uncertainties in HDR brachytherapy,
because the user has to consider only one calibration factor
during clinical source strength verification.
In this work, the complete calibration chain for the determination of the reference air-kerma rate K̇a,100 and reference
dose rate to water Ḋw,1 by ionization chamber measurement
in a cylindrical solid state phantom is investigated with Monte
Carlo simulations. These calculations are used to determine
the necessary correction factors. These global correction factors ktot allow a user to directly convert the reading of an
ionization chamber calibrated in terms of Dw , into the desired
quantity K̇a,100 or Ḋw,1 . The simulations were performed for
three different thimble ionization chambers and five different HDR brachytherapy sources. The investigated sources
included a 60 Co source, which is available on the market
for some time (Bebig Co0.A86). The results of the calculations provide a correction factor for the determination of
the 60 Co source strength by ionization chamber measurement in cylindrical solid state phantom for the first time. For

3

evaluation of the Monte Carlo simulations dose rate constants
Λ of all sources were calculated and compared with published data. Additionally, several relative ionization chamber
measurements on a 192 Ir source within a solid state phantom
were performed and compared with equivalent Monte Carlo
calculations. A discussion on the associated uncertainties is
presented wherever possible, in all cases assumed to be Gaussian distributed. Finally, ionization chamber measurements for
a 192 Ir source with a solid state phantom were performed and
K̇a,100 was determined according to three different methods:
using a calibration factor in terms of absorbed dose to water
NDw in combination with the global correction factor ktot
according DGMP report No. 13 or ktot calculated via Monte
Carlo as well as using the direct calibration factor for reference
air-kerma rate NK̇a,100 determined by the PTB.

2 Theoretical background
According to DIN 6809-2 [3] and ICRU-60 [6] the source
strength of photon brachytherapy sources is specified in the
measure reference air-kerma rate K̇a,100 , which is the airkerma rate to air, measured in air at the reference distance of
100 cm, corrected for attenuation and scattering. The direction
from the source center to the reference point shall be at right
angles to the long axis of the source. The unit of K̇a,100 is
usually given in mGy/h at 1 m. The AAPM recommends the
air-kerma strength Sk [7,8]. It is defined as the product of the
air-kerma rate in vacuum K̇δ (d) and the square of the distance
d to the calibration point.
SK = K̇δ (d) · d 2

(1)

The index ␦ represents the cut off energy, that means the
lower limit of the photon energy of the spectral fluence, which
is taken into account. In high-energy photon brachytherapy ␦ is typically set to ␦ = 10 keV [50]. The unit of Sk is
Gy·m2 ·h-1 = cGy·cm2 ·h-1 = 1 U. Both K̇a,100 and SK have
different units, but agree in their numerical value [29,30].
The conversion of the kerma based quantities into the
absorbed reference dose to water Ḋw,1 is performed via the
source type specific dose rate constant  [8]:
Λ=

Ḋw,1
SK

(2)

Prior to using a HDR source clinically, it is strongly recommended to verify the stated source strength according national
and international guidelines [3,16–19]. DGMP report No. 13
recommends the determination of K̇a,100 via thimble ionization chamber measurements in a solid state phantom. For the
phantom, an axially symmetrical, cylindrical phantom made
of PMMA (polymethylmethacrylate) according the work of
Krieger [21] is proposed (see figure (3) below). The diameter
of the phantom is 20 cm and its height is 12 cm. The source
is rigidly placed in center of the phantom with an applicator
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and measurements in a source to detector distance of 8.00 cm
can be performed using a thimble ionization chamber. The
phantom provides four equivalent measurement positions in
that distance, which are orientated at 90◦ to each other.
In order to determine K̇a,100 from readings of the ionization
chamber calibrated in terms of Dw and placed in the phantom,
the following formalism has to be applied [20]:
en
K̇a,100 = MPMMA · NDw · kQ · (1 − gw )−1 · ta,w
· kwp ·

kzp

· kV · kr = MPMMA · NDw · (ktot )K̇a,100

(3)

with:
MPMMA Collected charge of the ionization chamber per
time interval corrected for temperature and air pressure as
well as for ion recombination and polarity effect
NDw Calibration factor in terms of absorbed dose to water
Dw at reference beam quality 60 Co [1]
kQ Correction factor for deviations between reference
beam quality (60 Co) and actual beam quality ([20]: kQ ≈ 1)
(1-gw )-1 Correction factor for energy loss due to
bremsstrahlung in water ([20]: (1-gw )-1 = 1,001)
en Ratio of mean mass energy absorption coefficients of
ta,w
air to water (μen /ρ)a /(μen /ρ)w for the conversion of water
en = 0, 900)
into air-kerma ([20]: ta,w

kwp Correction factor for perturbation of the radiation field
between water (calibration) and PMMA (measurement in
phantom) ([20]: kwp ≈ 1)
kzp ’ Correction factor for the influence of the Krieger
phantom (absorption and scattering) ([20]: kzp ’ = 1,183)
kV Correction factor for the volume effect of the ionization
chamber (at source detector distance 8 cm) ([20]: kV = 0,9998
- 1,0072 depending on type of ionization chamber)
kr Correction factor to account for the different distances
between measurement (8 cm) and reference point (100 cm)
([20]: kr = 0,0064)
(ktot )K̇a,100 Global correction factor for the quantity K̇a,100
The stated numerical values above, taken from DGMP
report No. 13, are referring to 192 Ir sources. This report does
not contain any data for 60 Co sources.

As mentioned, the PTB offers the direct calibration of ionization chambers in combination with a solid state phantom
for K̇a,100 in radiation fields of HDR 192 Ir and 60 Co sources.
With the calibration factor NK̇a,100 of PTB equation (3) can be
simplified to:
K̇a,100 = MPMMA · NK̇a,100

(4)

Thus the global correction factor (ktot )K̇a,100 can be determined with:
(ktot )K̇a,100 =

NK̇a,100
K̇a,100
=
MPMMA · NDw
NDw

(5)

In the same vein the global correction factor (ktot )Ḋw,1 , concerning the future quantity absorbed reference dose rate to
water Ḋw,1 can be derived as follows:
(ktot )Ḋw,1 =

NḊw,1
Ḋw,1
=
MPMMA · NDw
NDw

(6)

NḊw,1 is the calibration factor of the transfer standard consisting of the ionization chamber and the Krieger-phantom
for the quantity Ḋw,1 . In the future, this calibration factor will
possibly be provided by the PTB for transfer standards in HDR
brachytherapy.

3 Methods
3.1 Monte Carlo Calculations
Monte Carlo simulations were performed with the EGSnrc
code package (V4-r2-3-1) [31]. The applications cavity
and egs chamber of the C++ class library [32–34] as well
as the user-code g were employed. If not stated otherwise
in the subsequent sections, cut-off energies for particle production and transport were set to AE = ECUT = 516 keV for
electrons and AP = PCUT = 1 keV for photons. Besides the
default parameters of EGSnrc, the XCOM total photon crosssections, NIST Bremsstrahlungs cross-sections, simulation of
Rayleigh scattering as well as electron impact ionization were
turned on.
The Monte Carlo calculation of the various quantities and
correction factors does not include any time dependence.
Hence dose and dose rates are treated as equivalent and calculated as dose per initial photon. This is of no consequence
for the numerical values of calculated quantities here.
3.1.1 Models of brachytherapy sources and ionization
chambers
HDR afterloading sources according to Table 1 were constructed as simulation inputs (Figure 1). The radioactive core,
the encapsulation and the connecting cable were modeled
according to information found in literature (see Table 1 for
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Table 1
Dimensions and materials of the modeled HDR brachytherapy sources used in this study.

Radioactive core diameter (mm)
Length core (mm)
Diameter encapsulation (mm)
Length encapsulation (mm)
Diameter cable (mm)
Modeled length of cable (mm)
Distance top of core to top of
encapsulation (mm)
Material core (mass density g/cm3 )
Material encapsulation (mass density
g/cm3 )
Material cable (mass density g/cm3 )
Literature

GammaMed 12 i

Selectron V1

Selectron V2

VariSource Classic

Bebig Co0.A86

0.60
3.50
1.10
4.96
1.10
55.04
0.96

0.60
3.50
1.10
5.00
1.10
55.00
0.55

0.65
3.60
0.90
4.50
0.70
55.50
0.20

0.34
10.00
0.59
11.00
0.59
49.00
1.00

0.50
3.50
1.00
5.00
0.90
55.00
0.75

Iridium (22.42)
Stainless steel AISI
316L (7.80)
Stainless steel AISI
304 (5.60)
[37–40]

Iridium (22.42)
Stainless steel AISI
316L (8.02)
Stainless steel AISI
316L (4.81)
[38–41]

Iridium (22.42)
Stainless steel AISI
316L (8.02)
Stainless steel AISI
316L (4.81)
[38–40,42,43]

Iridium (22.42)
Nitinol (Ni/Ti)
(6.50)
Nitinol Ni/Ti
(6.50)
[38–40,42,44]

Cobalt (8.9)
Stainless steel AISI
316L (7.80)
Stainless steel AISI
316L (6.90)
[40,45]

All measurements and calculations were based on PTW
cylindrical ionization chambers 30015 (1 cm3 ), 30016
(0.3 cm3 ) and 31010 (0.125 cm3 ) (Figure 2). These chamber
models have been described in detail in Ref. [46] and [47].
While the chamber stem is modeled in a simplified fashion,
the sensitive air volume, the central electrode, guard ring, and
chamber wall were based on detailed information provided by
the manufacturer.
3.1.2 Simulation geometries

Figure 1. Schematic view of the HDR-brachytherapy sources used
in this study: (a) GammaMed 12i, (b) Nucletron Selctron V1 (classic), (c) Nucletron Selectron V2, (d) Nucletron Selectron V2
simplified, (e) Varian VariSource Classic, (f) Bebig Co0.A86. The
radioactive core (dark blue/green) and the encapsulation are shown
to scale; the connection cable is truncated in this view.

references). The total length of source and cable was set to
60 mm. The Selectron V2 was modeled in a detailed and simplified version in order to investigate the possible influence of
the source encapsulation details on calculated correction factors. For all 192 Ir sources the proposed emission spectrum of
Duchemin and Coursol [35] was used. During preparation of
this manuscript, a new joint AAPM and ESTRO report [50]
was published, recommending a new 192 Ir spectrum contained
in the NUDAT data base [36]. To investigate the impact of this
new spectrum on the dosimetric quantities given here, additional simulations with the NUDAT spectrum were performed.
For the 60 Co source a discrete line spectrum with two single
energies and equal emission probabilities at 1.173 and 1.333
MeV was defined [36]. The angular and spatial sampling of
the initial photons was set as isotropic within the radioactive
core. Table 1 summarizes the corresponding dimensions and
materials of all sources.

An overview of the employed simulation geometries is
depicted in Figure 3. The figure shows the geometry for the
determination of K̇a,100 , which was calculated as air-kerma

MC
per initial photon K̇a,100
with the application cavity.
Within this application a circular scoring plane needs to be
defined, which was set to be at 100 cm distance from the center of gravity, orthogonal to the axis of the cylindrical source.
The diameter of the circle was chosen as 3 cm and the surrounding medium was modeled as vacuum. In cavity the
calculation of air-kerma is based on a semi-analytical fluence
approach (next-flight estimator) [48], which requires the user
to provide a set of mass energy transfer coefficients (μtr /ρ)air
for the scoring medium. The corresponding data were prepared in a separate calculation with the help of the user code
g, for a monoenergetic grid between 1-1400 keV.
In the calculations with g the lower cut-off energy for
photon and electron transport was set to 1 keV, whereas the
cavity calculations were performed with 10 keV. However,
as described in Glasgow and Dillman [49] photons with energies below 11 keV are not able to leave the encapsulation
of common brachytherapy sources. A similar recommendation regarding cut-off energies for Monte Carlo simulations
of brachytherapy sources can further be found in Refs. [9,50].
Regarding the air composition, the given recommendations
in literature are not clear without ambiguity. In the report
of the AAPM TG43 [8] it is recommended to use air with
40% relative air humidity. This recommendation is repeated
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Figure 2. Cross-section of the cylindrical chamber models used: (a) PTW 30015 (1 cm3 ); (b) PTW 30016 (0.3 cm3 ); (c) PTW 31010
(0.125 cm3 ). Red: polymethylmethacrylat (PMMA) (1.19 g/cm3 ), grey: aluminum (2.69 g/cm3 ), white (inside): air (0.001204 g/cm3 ), green:
graphite (1.85 g/cm3 ), blue: graphite (0.82 g/cm3 ). All dimensions in mm.

in the supplement of the report [60]. In contrast, the joint
AAPM/ESTRO report [50] recommends using dry air for all
Monte Carlo simulations, referring to TG43 supplement. Due
to this unambiguity preliminary Monte Carlo calculations of
air kerma with moist (rel. humidity 40%) and dry air were
performed. Both results agreed within their statistical uncertainty (0.1%). Based on this result and the fact, that ionization
chambers at PTB were calibrated at a relative humidity of 50%
it was decided to use a relative humidity of 40% for all Monte
Carlo simulations.
The absorbed dose rate to water Ḋw,1 of the sources was
calculated with egs chamber for the geometries depicted
in Figure 3b. The sources were placed in the center of a cubic
water-phantom (V = 40 × 40 × 40 cm3 ,  = 0.998 g/cm3 [8])
MC

and the absorbed dose to water per initial photon Ḋw,1
was scored in a voxel of 0.5 × 0.5 × 0.5 mm3 . The center of
this scoring voxel was set to be at 1 cm distance from the center of gravity, orthogonal to the axis of the cylindrical source.
It was shown by Ballester et al. [51] that a possible error due
to the finite size of the scoring voxel is less than 0.05% at 1 cm
distance for a voxel of 0.5 mm side length.
According to equation (2) Λ corresponds to the ratio of
Ḋw,1 and SK . Since SK at the reference distance 100 cm
is numerically identical to K̇a,100 the relationship Λ =
MC
MC
(Ḋw,1 ) /(K̇a,100 )
is used to determine the dose rate

MC 
MC

constant. The quantities NK̇a,100
, NḊw,1
and

MC
NDw
as required for equations (5) and (6) were calculated
according to Figure 3a-3d with:


MC
NK̇a,100

MC


NḊw,1



NDw

MC

MC
K̇a,100
=
MC
Dgas PMMA


MC
Ḋw,1
=
MC
Dgas PMMA

(7)



(Dw )MC
=
MC
Dgas w

(8)

(9)

Within equations (7)–(9) Dgas corresponds to the absorbed
dose within the sensitive volume of the ionization chamber’s
air cavity. The index PMMA and w indicates the surrounding
material of the ionization chamber, being either placed in the
Krieger-phantom or in a water phantom. In order to determine
MC

the quantity Dgas PMMA a virtual Krieger-phantom made
of PMMA ( = 1.19 g/cm3 ) was modeled as a solid cylinder
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MC

Figure 3. Simulation geometries. (a) Calculation of reference air-kerma per initial photon K̇a,100
. The circular scoring plane is defined
at 100 cm distance from the center of gravity, orthogonal to the axis of the cylindrical source. The surrounding medium is set to vacuum

MC
within a distance of 1 cm in a cubic voxel of 0.5 × 0.5 × 0.5 mm3 .
(b) Determination of absorbed dose to water per initial photon Ḋw,1
(c) Calculation within the Krieger-phantom. The HDR brachytherapy source is placed within the center of the solid cylindrical PMMA
phantom. The ionization chambers are placed at 8 cm distance, with their axis parallel to the source. The reference point of the chamber
and the center of gravity of the active source core are at the same height. (d) Determination of (NDw )MC . A collimated 60 Co point source

MC
irradiates a reference volume of water (Dw )MC and subsequently all ionization chamber models Dgas w . The cylindrical reference volume
has a radius of 5 mm and thickness of 0.25 mm.

with a diameter of 20 cm and a height of 12 cm (Figure 3c).
The HDR brachytherapy source was placed in the center of
that cylinder parallel to its axis at a distance of 8 cm of the
single ionization chamber models. The reference point of
the chambers was set at the same height as the center of
the brachytherapy source. The application egs chamber
MC

was used to calculate Dgas PMMA inside the solid Kriegerphantom.
The determination of the quantities given in equation (9)
was based on reference conditions defined in [1] (Figure 3d).
The absorbed dose to water per initial photon of the 60 Co
beam (Dw )MC was scored at 5 cm depth within a cubic waterphantom (V = 40 × 40 × 40 cm3 ,  = 0.998 g/cm3 ) in a small
cylinder of 5 mm radius and 0.25 mm thickness. A collimated
point source was used with a source-detector distance of
100 cm, collimated to 10 × 10 cm2 in the plane of the detector. The input spectrum of Mora et al. [52] was employed,
which describes the spectrum of a clinical 60 Co teletherapy
machine. The radiation transport and dose deposition per initial photon inside the air volume of the ionization chamber

MC

models Dgas w was simulated in the same setup, with their
central axis placed at reference depth zref of 5 cm.
3.2 Veriﬁcation of the Monte Carlo Calculations
In the first step of verification, the dose rate constant Λ for
all modeled HDR brachytherapy sources was determined via
Monte Carlo simulation as described in the previous section.
The calculated values were compared to the corresponding
values found in the literature.
Additionally, in order to verify the whole calculation
geometry, a comparison between calculations and relative
measurements was performed. The chosen setup of source
and ionization chamber is depicted in Figure 4. Measurements
were taken for a Selectron HDR V2 with all PTW ionization
chambers described above. Further, a plastic applicator was
used for the source. Extra mounting adapters provided by the
manufacturer PTW were used to allow for a rigid lateral placement of the chambers and a placement with their reference
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Figure 4. Placement of ionization chambers and HDR brachytherapy source in the Krieger-phantom (top view). (a) Configuration with the
source in the central drilling as well as detector positions in 8 (8a-8d) and 6 cm distance. (b) Configuration with eccentrically placed source
and chamber positions A and B.

point at the same height as the center of the brachytherapy
source.
For the first set of measurements the ionization chambers
were placed in the four single standard drillings of the PMMA
Krieger-phantom (8a - 8d in Figure 4a). In this case the distance between source and ionization chamber was 8.00 cm.
Another measurement at distance 6.00 cm was achieved with
an extra drilling in the phantom to create additional data for
the verification of the Monte Carlo simulations. Besides the
placement of the source in the center of the phantom extra
measurements with eccentric source position were taken (see
Figure 4b). The measured charge at each setup was accumulated for 30 s and the acquisition was repeated at least ten
times. The source was completely retracted between these
repeated measurements. The ratio of measured values at the
6.00 cm distance position and the averaged results in the four
standard drillings was taken as M6 /M8 . Furthermore, for the
eccentrically placed source the ratio between position B and
position A MB /MA was determined (see Figure 4b). The identical setup was modeled in the Monte Carlo simulations and
MC

Dgas PMMA was calculated as described in the previous section.
3.3 Calibration of Ionization Chambers
The cylindrical chambers PTW 30015 and 30016 were calibrated within the Krieger-phantom by the PTB as a transfer
standard in terms of reference air-kerma rate [25–28]. The
calibration was provided for a HDR 192 Ir source (Nucletron
Selectron V2), as well as for a HDR 60 Co source (Bebig
Co0.A86). According to the calibration certificate, these calibrations were performed at a relative humidity of 50%. The
employed ionization chambers (30015, 30016, 31010) were
further calibrated by the manufacturer (PTW) in terms of
absorbed dose to water in 60 Co under reference conditions
[1]. Table 2 summarizes the calibration factors.

3.4 Determination of Reference Air-Kerma Rate
The reference air-kerma rate K̇a,100 was determined experimentally for a Selectron V2 source via measurement
inside the Krieger-phantom. Three different V2 sources were
employed for measurements with all three PTW ionization
chambers. The source was placed via a plastic applicator in
the center of the phantom and the chambers were positioned
with the help of the extra mounting adapters. Measurements
were taken as an average of all four drilling positions in the
phantom and the charge was accumulated for 60 s. The measurements were corrected for temperature and air pressure.
Determination of K̇a,100 was achieved following three different approaches:
•
•

based on DGMP report 13 [20] - equation (3);
by applying the calibration factor by PTB NK̇a,100 - equation
(4);
• based on the Monte Carlo calculated correction factor
(ktot )K̇a,100 and the absorbed dose to water calibration factor
NDw - equation (5);
The determined values for K̇a,100 were compared with the
calibration certificate of the source manufacturer.

4 Results and Discussion
4.1 Veriﬁcation of Monte Carlo Simulations
4.1.1 Dose rate constant 
The determined values of the dose rate constant Λ are summarized in Table 3. Within the given uncertainties they agree
with the experimental data found in literature and with most
Monte Carlo based data. Note that the Monte Carlo data in
this table only contains the statistical uncertainty; a more thorough discussion on total uncertainties is addressed below in
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Table 2
Calibration factors for the ionization chambers. NDw is the 60 Co calibration factor in terms of absorbed dose to water by the manufacturer PTW.
The expanded uncertainty (coverage factor k = 2) was specified as ±1.1%. NK̇a,100 corresponds to the reference air-kerma rate calibration
factor in the Krieger-phantom. The factor was provided by PTB for a 192 Ir and HDR 60 Co brachytherapy source. The stated expanded
uncertainty (k = 2) amounts to ±2.5%.
Ionization chamber type – serial number

NDw (Gy/C)

30015 - 00042
30016 - 00039
31010 - 3124

3.146E+07
9.438E+07
2.929E+08



NK̇a,100



Ir−192

(Gy/C)

2.131E+05
6.417E+05
-



NK̇a,100



Co−60

(Gy/C)

2.248E+05
6.776E+05
-

Table 3
Monte Carlo calculated dose rate constant Λ for different HDR brachytherapy sources in comparison with literature data. The first sources
are 192 Ir sources, the last one is a 60 Co source. Data marked by an asterisk are based on experiments, all other data are based on Monte Carlo
simulations. The given uncertainties of the Monte Carlo data indicate the statistical standard uncertainties. The data taken from the AAPM
report 229 are consensus data, based on several Monte Carlo studies [50].
HDR source type

Dose rate constant Λ (cGy h-1 U-1 )
This work

Literature

GammaMed 12i

1.111 ± 0.001

Selectron V1

1.111 ± 0.001

Selectron V2

1.109 ± 0.001

Selectron V2 simplified
VariSource Classic

1.110 ± 0.001
1.038 ± 0.001

Bebig Co0.A86 (60 Co)

1.094 ± 0.001

1.118 ± 0.003
1.117 ± 0.002
1.118 ± 0.022*
1.118 ± 0.004
1.115 ± 0.006
1.117 ± 0.002
1.120 ± 0.020 *
1.116 ± 0.009
1.108 ± 0.001
1.109 ± 0.002
1.113 ± 0.020*
1.129 ± 0.008*
1.109 ± 0.011
1.044 ± 0.002
1.042 ± 0.002
1.087 ± 0.011

the context of the final quantities. The good agreement indicates that the modeling of the HDR sources can be considered
as accurate.
As pointed out in AAPM report No. 229 [50], the reference
geometry function GL (r0 , θ 0 ) [8] and thus the length of the
radioactive core is the key factor for the value of the dose rate
constant for a given radionuclide.
The first three HDR sources in Table 3 share a very similar Λ value, which can be traced back to the fact that these
sources have an almost equal length of the active core. In high
energy brachytherapy the effect on  due to self-absorption
and scattering inside the core and encapsulation plays only a
minor role [50]. This fact can also be observed by comparing the Λ-value for the detailed Selectron V2 source and
its simplified model. However, the data for the VariSource
Classic source demonstrate that the more fundamental change
in the length of the radioactive core may impact Λ in the
range of 6 – 7%, i.e. it is not sufficient to determine Λ simply
per source nuclide [11]. Nevertheless, in order to reduce the

Ballester et al. [37]
Taylor and Rogers [38]
Selbach et al. [11]
AAPM-229 [50]
Williamson et al. [41]
Taylor and Rogers [38]
Selbach et al. [11]
AAPM-229 [50]
Daskalov et al. [43]
Taylor and Rogers [38]
Selbach et al. [11]
Selbach et al. [11]
AAPM-229 [50]
Wang und Sloboda [44]
Taylor and Rogers [38]
Granero et al. [45]

effort in the determination of Λ-values it could be adequate
to assign uniform values for different source geometry
classes.
Regarding the HDR 60 Co source, there is only one Monte
Carlo based value available in literature by Granero et al.
[45]. For their calculations the authors applied the GEANT4
Monte Carlo code and the published value of Λ = 1.087 cGy
h-1 U-1 deviates by ∼0.7% from our value. Nevertheless, this
deviation is still within the quite large statistical uncertainty
of 1% stated in the work by Granero et al.
4.1.2 Relative in-phantom measurements
Table 4 summarizes the measured and Monte Carlo based
dose ratios for the different positioning of the chamber and
the source within the solid phantom (see Figure 4). The maximum difference between experimental data and Monte Carlo
simulation is 0.7%, i.e. is within the uncertainty of the experimental data. The reason for the large experimental uncertainty
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Table 4
Ratio of measurement readings M6 /M8 and MB /MA within the solid
state phantom (Krieger-phantom) according to Figure 4. Column
2 shows the Monte Carlo based data, column 3 the experimental data. The statistical standard uncertainty of the Monte Carlo
results is ± 0.1%. The uncertainty (reproducibility) of the experimental ratios is ±0.9%.
Ionization chamber

MC

Exp.

Difference in %

M6 /M8
PTW 30015
PTW 30016
PTW 31010

1.945
1.949
1.957

1.936
1.938
1.947

0.4%
0.6%
0.5%

MB /MA
PTW 30015
PTW 30016
PTW 31010

0.397
0.397
0.396

0.396
0.400
0.398

0.3%
-0.6%
-0.7%

is most likely due to the radial positioning uncertainty of the
source within the lumen of the applicator [20,53]. Based on
the proven agreement between experimental and Monte Carlo
based data it can be concluded that the geometry and the
material composition of the ionization chambers, the phantom
and the source reflect the real setup within given uncertainties.

4.2 Global Correction Factor for Reference
Air-Kerma Rate
The global correction factors (ktot )K̇a,100 for determination
of the reference air-kerma rate K̇a,100 from measured data in
the Krieger-phantom (see eq. 5) are summarized in Table 5.
In contrast to the dose rate constants Λ the correction factors are mostly independent of the specific source geometry
and depend only on the nuclide of the source. This fact can
be observed in particular by comparing (ktot )K̇a,100 of the
VariSource Classic with the other 192 Ir sources. Despite the
differences of source types especially regarding their length
of radioactive core (see Figure 1) the correction factors all
agree within 0.3%. This is mainly caused by the fact that
the quantity K̇a,100 is determined at a large distance from
the source, i.e. at a distance of 100 cm it approximately corresponds to a simple point source. Regarding the results of
Table 5 it should therefore be sufficient to determine only one
nuclide-specific correction factor (ktot )K̇a,100 for each type of
ionization chamber.
Comparing the Monte Carlo based correction factors in
Table 5 with values calculated from the calibration factors
determined by PTB and PTW (exp.) it can be noticed, that the
Monte Carlo data are smaller by about 1.5%. In comparison

Table 5
Calculated correction factors (ktot )K̇a,100 for the solid state phantom (Krieger-phantom) according to equation 5 for several HDR brachytherapy
sources and ionization chambers. Tabulated are the Monte Carlo based data (MC), the values derived from the experimental calibration
factors determined by PTB and PTW (exp.) and the values from the DGMP report 13 (DGMP). Within the last three columns the difference
of the data sets in percent is given. The estimated expanded uncertainties of the correction factors are: MC: 0.9%, PTB: 2.7%, DGMP: 5.8%
(see text for more information).
HDR source type

(ktot )K̇a,100

Difference in%

MC

exp.

DGMP

PTW 30015
Selectron V2
Selectron V2 simplified
Selectron V1
Gamma Med 12i
VariSource Classic
Bebig A.Co86

6.689E-03
6.686E-03
6.678E-03
6.689E-03
6.669E-03
7.053E-03

6.772E-03
7.145E-03

6.854E-03

PTW 30016
Selectron V2
Selectron V2 simplified
Selectron V1
Gamma Med 12i
VariSource Classic
Bebig A.Co86

6.721E-03
6.707E-03
6.712E-03
6.709E-03
6.702E-03
7.039E-03

6.799E-03
7.179E-03

6.845E-03

PTW 31010
Selectron V2
Selectron V2 simplified
Selectron V1
Gamma Med 12i
VariSource Classic
Bebig A.Co86

6.677E-03
6.673E-03
6.673E-03
6.672E-03
6.659E-03
6.990E-03

-

6.818E-03

-

-

-

MC vs exp.

MC vs DGMP

exp. vs DGMP

-1.6
-1.3

-2.4
-2.5
-2.6
-2.4
-2.7
-

-1.2
-

-1.1
-2.0

-1.8
-2.0
-1.9
-2.0
-2.1
-

-0.7
-

-

-2.1
-2.1
-2.1
-2.1
-2.3
-

-
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to the values based on the DGMP report they are even smaller
by 2 - 2.5%. In order to evaluate these differences it is necessary to take a look at the uncertainties in a greater detail.
The correction factors in Table 5 denoted by “exp.” are based
on the experimental calibration of the transfer standard consisting of the solid phantom and the ionization chambers
in terms of K̇a,100 . This calibration was performed by PTB
and the stated expanded uncertainty is 2.5%. Including the
expanded uncertainty of the dose to water calibration for the
ionization chambers of 1.1% as stated by the manufacturer
(PTW), a combined expanded uncertainty of the experimental correction factor (ktot )K̇a,100 of 2.7% results. Aside from
the phantom correction factor kzp (= kzp ’·kV ), no information
concerning the uncertainties of the different correction factors included in equation (3) is given in DGMP report 13.
The report is based on a publication from Krieger [21]. In
his paper Krieger indicated a combined uncertainty for the
K̇a,100 determination following equation (3) of 3%. As the
level of confidence of the interval is not stated in the publication, it is assumed here that the 1-interval complies with
that value. Hence, following equation (3) and applying a 2interval for the stated uncertainty by Krieger in combination
with the expanded uncertainty of 1.1% for the calibration
factor NDw and 0.9% for the dosimeter reading MPMMA , an
expanded combined uncertainty for the global correction factor (ktot )K̇a,100 based on the data published in the DGMP report
of 5.8% results.
The expanded statistical or type-A evaluation of uncertainty of the Monte Carlo based correction factors given in
Table 5 is 0.3%. This value could simply be reduced by
an increase of simulated particle histories. Of much more
relevance are however type-B uncertainties for the Monte
Carlo simulations. Following the discussion presented by
DeWerd et al [9], the following sources of uncertainty in
Monte Carlo simulations of dose quantities in high energy
brachytherapy have to be considered: (1) source construction, (2) movement of the source within the capsule, (3)
source emission, (4) phantom geometry and composition, (6)
Monte Carlo transport code, (7) cross sections, (8) scoring
algorithms. A comprehensive Monte Carlo study quantifying
the impact of all these sources of uncertainties in a systematic approach for different source types is not available yet.
In the report by DeWerd et al some literature examples are
given and an estimated type B uncertainty for Monte Carlo
based dose quantities is presented as 1.6% (k = 1) for high
energy photon brachytherapy. A comprehensive evaluation
of all mentioned type B uncertainties would go beyond the
scope of this paper and will be left for further research.
Nevertheless, a general discussion is given in the following.
The EGSnrc code used in this work is one of the best evaluated Monte Carlo codes in the field of medical physics.
Kawrakow [54] has shown that the calculated response of
ionization chambers in high energy photon fields may be calculated within 0.1% of the theoretical result with respect to
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cross section data. For the photon energy range 10 keV –
1.25 MeV, which is more relevant for the results of the present
work, Seuntjens et al. [55] could confirm Kawrakow’s results.
The impact of source emission on the resulting dosimetric
quantities was tested by using two different 192 Ir spectra. All
results for the 192 Ir-sources given in this work were calculated with the spectrum published by Duchemin and Coursol
[35]. The recent joint AAPM and ESTRO report [50] recommends the spectrum given in NUDAT database [36]. Both
spectra mainly differ in the high energy region. Whereas the
highest energy photon peak within the spectrum of Duchemin
and Coursol is at an energy of about 880 keV, this limit is
1380 keV for the NUDAT spectrum. However the probabilities of transitions with energies greater 880 keV are less than
0.1%, resulting in a mean energy of both spectra which differs
no more than 1 keV. The comparison of both spectra revealed
that the impact of the chosen spectra on dose quantities like
air kerma is in the range of 0.5% as stated by DeWerd et al
[9]. The impact on dose ratios as given in equations (2), (5)
or (6) was however in the range of 0.1% only, i.e. within
the statistical uncertainty of the Monte Carlo results given in
this study. Not considered here was the possible impurity of
radioactive sources [9], as to the authors knowledge no general
quantitative information about contaminant radionuclides and
their daughter products in high energy photon brachytherapy
sources is available. The geometry of the source was shown to
be insensitive to simplifications for the quantities calculated
here (Tables 3, 5 and 7). A more systematic investigation of
source geometry variations is left for future research.
The models of the thimble ionization chambers (PTW
30015, PTW 30016) used in this study have already been
evaluated in several works. Ubrich et al. [46] calculated
the response of both chambers in the keV range, which
were in good agreement with appropriate measurements
( < 0.6%). The agreement between simulations and measurements described in section 4.1 provide strong confidence,
that all geometries are modeled in an adequate way. A systematic analysis of type-B uncertainties concerning the Monte
Carlo based calculation of beam quality correction factors for
ionization chambers in megavoltage X-ray beams using the
EGSnrc code was performed by Wulff et al. [56]. According
to the results in that study the largest impact on the combined uncertainty is allotted to the electron cross-sections due
to the uncertainties in the mean ionization energies I of the
materials [57]. For the combined standard type-B uncertainty
of the calculated beam quality correction factors Wulff et al.
[56] estimated a value of 0.3–0.4%, which was confirmed in
a similar vein by Muir and Rogers [58]. Regarding the lower
photon energies in 192 Ir photon fluences not only stopping
power ratios but also the ratios of the mass energy absorption
coefficients μen /ρ will contribute to the uncertainty in calculated dose ratios. In the joint AAPM/ESTRO report about
dosimetric uncertainties for photon-emitting brachytherapy
sources [9], the uncertainty for μen /ρ is stated to be in the
range of 1 – 1.2% [61,62]. According to the mentioned report,
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Table 6
Comparison of experimentally determined reference air-kerma rates K̇a,100 with the data provided by the manufacturer (Nucletron, Netherlands) for three different 192 Ir sources of the type Selectron V2. Given is the difference Δ K̇a,100 between the experimentally determined
K̇a,100 and the value given by the manufacturer in percent. The calculation of K̇a,100 is based on the global correction factor (ktot )K̇a,100 given
in the DGMP report 13 (DGMP), the Monte Carlo based global correction factor (MC) and the calibration factor NK̇a,100 supplied by PTB.
The abbreviation IC denotes the ionization chamber: 1: PTW 30015 (1 cm3 ), 2: PTW 30016 (0.3 cm3 ), 3: PTW 31010 (0.125 cm3 ).
Selectron V2 SN:

ΔK̇a,100 in %
DGMP

#D36E2714
#D36E2791
#D36E3970

PTB

MC

IC 1

IC 2

IC 3

IC 1

IC 2

IC 3

IC 1

IC 2

IC3

1.9
1.8
2.2

1.6
2.0
2.2

1.9
1.2
1.8

0.7
0.3
1.0

0.9
1.3
1.6

-

-0.5
-0.6
-0.3

-0.2
0.1
0.4

-0.2
-0.9
-0.3

the influence of these cross section uncertainties on absorbed
dose for high energy sources is below 0.12%. This is in good
agreement with a recent study from Andreo et al. [59], which
determined the type-B uncertainties in absorbed dose due
to uncertainties in μen /ρ being in the range of 0.1%. The
estimation was performed for different dosimetric relevant
materials for a 192 Ir photon spectrum. Beyond this background
a rather conservative estimate of the combined expanded typeB uncertainties for the Monte Carlo based correction factors
given in Table 5 was taken as 0.8%, based on the results of
the work by Wulff et al. [56] Thus, a combined expanded
uncertainty of only 0.9% results for the Monte Carlo data,
although bearing in mind that this value might not include
all possible sources of uncertainty [9]. Not included are e.g.
possible radionuclide contaminations, potential movements
of the source within the capsule and variations in source and
phantom geometry and composition.
Against the background of discussed type B uncertainties
the calculated correction factors summarized in Table 5 indeed
offer systematic deviations, but the deviations are well within
the respective, reasonably chosen uncertainties for the different methods.

are already outside the 1 level of confidence of the interval stated by the manufacturer (ΔK̇a,100 = 3.3% expanded
uncertainty). Against it, the agreement by applying the PTB
calibration factor or the Monte Carlo based global correction factor is in most cases within ±1% (for all ionization
chambers).
4.4 Global Correction Factor for Absorbed Dose Rate
to Water
To reduce the dosimetric uncertainties in HDR brachytherapy, a direct calibration of sources in terms of absorbed dose
rate to water Ḋw,1 will be established in near future [10,11].
Beyond this background the necessary global correction factor (ktot )Ḋw,1 according to equation (6) or (10) to determine
the quantity Ḋw,1 within the transfer standard was determined
in the context of the present work:
Ḋw,1 = MPMMA · NDw · (ktot )Ḋw,1

(10)

The calculated correction factors for the ionization chambers and HDR sources considered here are summarized
in Table 7. Contrary to the global correction factors for

4.3 Comparison of Reference Air-Kerma Rate Data
The reference air-kerma rate K̇a,100 was measured for
three different Selectron V2 sources (Nucletron, Netherlands) using the solid state phantom (Krieger-Phantom) and
three different ionization chambers. To calculate K̇a,100 from
the dosimeter reading MPMMA equation (4) and the calibration
factor NK̇a,100 determined by PTB was applied. Furthermore
K̇a,100 was calculated according to equation (3) using the
global correction factors (ktot )K̇a,100 from DGMP report 13
as well as those calculated via Monte Carlo (see Table 5). The
results were compared with the data of the source calibration
certificates supplied by the manufacturer (Table 6). The largest
deviation in relation to the manufacturers’ specification results
from the application of the global correction factor based on
the DGMP report. The deviations are 1.8% in mean, i.e. they

Table 7
Monte Carlo based global correction factors (ktot )Ḋw,1 according to
equation (6) or (10) for the transfer standard consisting of the solid
state phantom (Krieger-phantom) and thimble ionization chambers
calibrated in terms of absorbed dose to water Dw . The expanded
statistical uncertainty of the correction factors is ±0.3%.
Source Type

Selectron V2
Selectron V2 simplified
Selectron V1
Gamma Med 12i
VariSource Classic
Bebig A.Co86

(ktot )Ḋw,1
PTW 30015

PTW 30016

PTW 31010

7.420E+01
7.421E+01
7.422E+01
7.432E+01
6.925E+01
7.718E+01

7.455E+01
7.445E+01
7.460E+01
7.454E+01
6.959E+01
7.702E+01

7.407E+01
7.407E+01
7.416E+01
7.413E+01
6.915E+01
7.649E+01

ARTICLE IN PRESS
F. Ubrich et al. / Z. Med. Phys. xxx (2013) xxx–xxx

the reference air-kerma rate (ktot )K̇a,100 (see Table 5), the
source geometry has a distinct impact on the resulting factor (ktot )Ḋw,1 . This can be expected since the quantity Ḋw,1 is
determined in direct vicinity of the source, therefore changes
concerning the length of the radioactive core have a significant
influence. Accordingly, this correction factor exhibits a similar
dependence on the source geometry as the dose rate constant
Λ and therefore it is necessary to determine it for each specific
geometry. But, as mentioned for Λ, similar source geometry
classes could be represented by a universal correction factor (ktot )Ḋw,1 . The variation of (ktot )Ḋw,1 with the ionization
chamber type is in the range of 0.6–0.9%.

5 Summary and Conclusion
In order to determine necessary correction factors, this work
presents the complete calibration chain for the determination
of the reference air-kerma rate K̇a,100 and reference dose rate
to water Ḋw,1 by ionization chamber measurement in a solid
state phantom (Krieger-phantom), modeled via Monte Carlo
simulations. With the global correction factor ktot , the user is
able to directly convert the reading of the ionization chamber calibrated in terms of absorbed dose to water into the
desired quantity K̇a,100 or Ḋw,1 . The factor was determined
for three different thimble ionization chambers in the field of
four commercially available 192 Ir sources and a 60 Co source.
For the evaluation of the Monte Carlo calculations, the
dose rate constant Λ for all sources was calculated and compared with literature data, which are partly based on recently
performed measurements at different national primary standards [11]. The Monte Carlo calculations showed a very
good agreement with these published data. Furthermore, relative ionization chamber measurements with a 192 Ir source
inside the Krieger-phantom were performed and compared
with equivalent Monte Carlo calculations. For all comparisons a very good agreement between Monte Carlo based data
and experimental data was observed, i.e. the agreement in all
cases was within the experimental uncertainties.
The comparison of the Monte Carlo based global correction
factors (ktot )K̇a,100 with those published in the DGMP report 13
[20] showed that the DGMP data were systematically smaller
by about 2-2.5%. The experimentally determined global correction factors (ktot )K̇a,100 were also systematically smaller by
about 1.5%. Despite of these systematical deviations, the different methods showed a good agreement with one another,
i.e. the agreement in almost all cases was within the 1 level
of confidence of the interval of the stated uncertainties. Furthermore, the measurements on three different Selectron V2
HDR sources, applying the Monte Carlo based global correction factor (ktot )K̇a,100 to determine K̇a,100 showed the smallest
deviation to the source certificate of the manufacturer in comparison with the application of (ktot )K̇a,100 according to the
DGMP report or the direct air-kerma calibration factor NK̇a,100
provided by PTB.
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With the global correction factor (ktot )K̇a,100 for a HDR 60 Co
source, calculated the first time in this work, the user is now in
principle able to accurately determine K̇a,100 of a HDR 60 Co
source via in-phantom measurements. Moreover, using the
presented global correction factors (ktot )Ḋw,1 , the user is able
to determine the quantity Ḋw,1 with the same experimental
in-phantom setup and equipment as used for the reference
air-kerma rate determination.
Contrary to the global correction factors for the reference
air-kerma rate (ktot )K̇a,100 , the source geometry has a distinct
impact on the resulting factor (ktot )Ḋw,1 . This is caused by
the fact that the quantity Ḋw,1 is determined in direct vicinity
of the source. Accordingly, this correction factor exhibits a
similar dependence on the source geometry as the dose rate
constant Λ and therefore it is necessary to determine a correction factor for each individual source geometry. However,
as the results demonstrate, similar source geometries can be
represented by a uniform correction factor (ktot )Ḋw,1 .
Based on the good agreement between Monte Carlo
simulations and measurements within a transfer standard
calibrated by PTB one might envision the replacement of
time-consuming and complex experimental determinations
of conversion or correction factors by simulations for new
brachytherapy sources. Only a selective experimental verification of the simulations at the primary standard would then
be sufficient. But, before realizing this approach a more comprehensive evaluation of type B uncertainties of the Monte
Carlo based dosimetric quantities presented here is necessary.
The expanded overall uncertainty for Monte Carlo data in
high energy photon brachytherapy of 3.2% given in the work
of DeWerd et al [9] seems large compared to the data and
analysis presented here and may thus be challenged.
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Purpose: Proton radiotherapy is rapidly becoming a standard treatment option for cancer. However,
even though experimental data show an increase of the relative biological effectiveness (RBE) with
depth, particularly at the distal end of the treatment field, a generic RBE of 1.1 is currently used in
proton radiotherapy. This discrepancy might affect the effective penetration depth of the proton beam
and thus the dose to the surrounding tissue and organs at risk. The purpose of this study was thus to
analyze the impact of a tissue and dose dependent RBE of protons on the effective range of the proton
beam in comparison to the range based on a generic RBE of 1.1.
Methods: Factors influencing the biologically effective proton range were systematically analyzed
by means of treatment planning studies using the Local Effect Model (LEM IV) and the treatment
planning software TRiP98. Special emphasis was put on the comparison of passive and active range
modulation techniques.
Results: Beam energy, tissue type, and dose level significantly affected the biological extension of
the treatment field at the distal edge. Up to 4 mm increased penetration depth as compared to the
depth based on a constant RBE of 1.1. The extension of the biologically effective range strongly
depends on the initial proton energy used for the most distal layer of the field and correlates with the
width of the distal penumbra. Thus, the range extension, in general, was more pronounced for passive
as compared to active range modulation systems, whereas the maximum RBE was higher for active
systems.
Conclusions: The analysis showed that the physical characteristics of the proton beam in terms of the
width of the distal penumbra have a great impact on the RBE gradient and thus also the biologically
effective penetration depth of the beam. © 2013 American Association of Physicists in Medicine.
[http://dx.doi.org/10.1118/1.4824321]
Key words: proton radiotherapy, biologically effective range, RBE, LEM, treatment planning, distal
penumbra
1. INTRODUCTION
Proton beam therapy is becoming a clinical standard treatment procedure in radiotherapy for specific types of cancer
which are difficult to treat with surgery or conventional
radiotherapy with photons. Protons are known for their
superior depth dose profile compared to x-rays, and their
tissue sparing effects make them particularly suitable for
111716-1

tumors located close to critical structures. The biological
effectiveness of protons in tissue has been shown to be on average very similar to that of x-rays for in vivo endpoints1 and
most of their path which is why a constant relative biological
effectiveness (RBE) of 1.1 is used in clinical practice.2
Nevertheless, in vitro studies show that even protons have
an increased RBE at the end of their range, which significantly
exceeds 1.1 depending on the tissue type.3 There are only
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few experiments which determined a RBE at the distal end of
the extended Bragg peak, but nearly all showed an increase,
which clearly exceeds 1.1.4–10 This increase of the RBE can
be explained by the sharply increasing linear energy transfer
(LET) at the distal edge of the spread-out Bragg peak (SOBP),
which consequently leads to an extension of the effective proton range as described, e.g., by Larsson and Kihlman,11 Sweet
et al.,12 and Robertson et al.4 The major deviation from a
constant RBE of 1.1 thus occurs at the distal field end and
strongest in the distal edge of the Bragg peak. The resulting
biological extension can be of special concern for organs at
risk (OAR) located close to treated tumors, especially if the
beam is directed toward the critical structure. Moreover, as in
general for high-LET radiation, the tissue type and dose level
are expected to have significant impact on the RBE and thus
also on the extension of the effective range as also shown by
Carabe et al.13
The Local Effect Model (LEM) in its recently published
version (LEM IV) (Refs. 14 and 15) has shown to be suitable
to predict tissue and energy dependent RBE values not only
for carbon ions but also for protons and other clinically relevant ions. In the present work, we thus use the LEM IV for
a systematic analysis of the factors influencing the biological
range extension. We first analyze the impact of the biological
characteristic of a given tissue and physical parameters such
as dose, dimension, and depth of the SOBP on the extension
of the effective range. Special attention is then turned to the
influence of the physical beam characteristics on the biological extension and the subsequent systematics by comparing
different beam delivery methods, i.e., active and passive beam
delivery. We finally discuss the potential impact of these factors in clinical cases, where the range extension might be of
concern for the dose delivered to the surrounding tissue.

2. MATERIALS AND METHODS
2.A. Treatment planning

To investigate the biologically effective range of protons, idealized target geometries (cubes) placed in a simulated water phantom were used to facilitate the systematic
analysis. The cubic volume has a fixed lateral dimension of
50 × 50 mm2 but varies in its dimension along the beam
axis. Treatment plans consisted of only one field to most
clearly illustrate the range extension. The treatment planning system TRiP98 was used to optimize the physical dose
distribution.16–18
As proton treatments can utilize active or passive range
modulation, both modalities were simulated. For active range
modulation,19 the primary beam energy was varied in order to
shift the Bragg peaks in depth, for example, used at the Heidelberg Ion-Beam Therapy Center (HIT). For passive range
modulation, a range shifter was simulated. With the range
shifter modality, only single primary proton energies are used
and polymethyl methacrylate (PMMA) plates are positioned
in between the beam exit window and target area to degrade
the beam energy and shift the Bragg peak in depth.20 Note
that with active range modulation the energies used depend
Medical Physics, Vol. 40, No. 11, November 2013
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on the location and dimension of the target volume whereas
the passive range modulation uses one fixed energy. We
thus simulated typical energies used in proton beam therapy
with the passive modality, i.e., 160 and 235 MeV as well as
monoenergetic beams from 71 to 220 MeV. However, the
details of the beam characteristic at different institutions are
expected to be accelerator and beam line dependent, and thus
the analysis presented here mainly focuses on the general aspects of the range modulation technique rather than a detailed
facility-dependent beam description.
Note that within this paper the terms “active” and
“passive” only refer to the range modulation technique. Concerning the lateral extension of the treatment field for both
range modulation modalities, a spot scanning technique via
horizontal and vertical deflection of the beam was simulated.
The dose levels were chosen from 1 to 10 Gy absorbed dose to
cover the whole clinically relevant range of dose prescriptions
including hypofractionation.
2.B. RBE data

Biological optimization with TRiP98 requests RBE input
data, which are calculated with the LEM. The basic principle of the LEM is to derive the biological effectiveness of
ion beam radiation from a combination of the known dose
response curve for photon radiation with the description of
the microscopic dose deposition pattern of individual particle
tracks.14, 21–23 For the prediction of the RBE, the latest version of the LEM (LEM IV) was used, which has been shown
in a previous publication14 to predict the RBE over a wide
range of particles from protons to carbon ions with sufficient
accuracy. The LEM can be used to precalculate RBE values
for all projectiles from protons to neon in the energy range
from 0.1 to 1000 MeV/u, which characterize the RBE for the
initial slope of the dose response curves and are stored in a
so-called “RBE-table”. These precalculated values are used
as input for the TRiP98 treatment planning system, which determines actual RBE values based on the mixed composition
of the radiation field and the dose in each voxel of the treatment volume.17, 24
The biological input parameters of the LEM are the parameters α γ , β γ , and Dt describing the photon dose-response
curves according to a modified linear-quadratic model. This
modification is characterized by a transition to a linear shape
for doses larger than Dt ,21 which is consistent with the linearquadratic-linear model as proposed by Astrahan25 with

2
e−(αγ D+βγ D )
for D < Dt
,
(1)
S(D) =
2
e−(αγ Dt +βγ Dt +smax (D−Dt )) for D ≥ Dt
where smax = α γ + 2β γ Dt is the maximum slope of the photon dose response curve for doses larger than Dt . All other
parameters of the LEM are kept constant and were chosen as
described in Elsässer et al.14
In a first step, it was demonstrated that the combination
of LEM and TRiP98 actually allows to accurately predict the
variation of RBE along the SOBP for proton beams. Therefore, the model predictions were validated by comparison
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TABLE I. Input parameters for the RBE tables.
RBE table
AB6.5a
AB47.5
AB2
AB10
a

111716-3

(a)

α γ (Gy−1 )

β γ (Gy−2 )

α γ /β γ (Gy)

Dt (Gy)

0.16
0.57
0.1
0.5

0.0246
0.012
0.05
0.05

6.5
47.5
2
10

13
15
8
14

AB is the abbreviation for the photon α γ /β γ -ratio with the number representing
its value.

with two sets of experimental RBE data obtained for different cell lines with significantly different sensitivities. Tang
et al.7 measured the RBE for survival of Chinese hamster
ovary (CHO) cells exposed to doses of 1, 2, 4, 6, and 8 Gy
and at different depth positions of 2, 10, 18, and 23 mm, using a 65 MeV proton beam to produce a SOBP with about
17.5 mm extension located between approximately 10 and
27.5 mm depth. As input parameters for the model calculations, the photon parameters obtained with Cs-137 gamma
rays given in Tang et al.7 together with a Dt of 13 Gy for
the RBE table AB6.5 (Table I) were used.
Bettega et al.8 determined the RBE for the survival of
SCC25 cells derived from human squamous cell carcinoma of
the tongue in a 65 MeV modulated proton beam of 15 mm extension. The corresponding photon input parameters, as given
in Bettega et al.8 for Co-60 gamma rays, together with a Dt of
15 Gy, were used for the RBE table AB47.5 (Table I). For the
two simulated SOBP, a bolus of 5.9 mm was used to adapt the
position of the Bragg peak in depth; this accounts for facilityand beam line specific details not taken into account in this
simulation study.
For the systematic studies regarding the biological range
extension, two different RBE tables were used (Table I). The
RBE tables describe two hypothetical cell or tissue types with
an α γ /β γ -ratio of 2 Gy (AB2), characteristic for rather radioresistant late responding cell or tissue types, and with an
α γ /β γ -ratio of 10 Gy (AB10), characteristic for rather radiosensitive early responding cell or tissue types.26 The parameter settings are typical for in vitro cell survival assays,
where a change of the α γ /β γ -ratio usually goes along with a
change of α γ rather than of β γ . The parameter Dt was adapted
according to an empirical approximated linear relation between α γ /β γ -ratio and Dt . This relation was found empirically when using the LEM over a huge set of experimental
cell survival data.27
2.C. Determination of the biologically effective range

The biological range extension was quantified by taking
into account the RBE predicted by the LEM IV for different dose-levels and biological endpoints described by the
α γ /β γ -ratio. As a reference dose distribution, we optimized
a physical absorbed dose and calculated the corresponding
RBE-weighted dose with constant RBE of 1.1; the depth
where the RBE-weighted dose decreased to 80% of the precRBE
cRBE
= 0.8 · dprescr
was
scribed RBE-weighted dose, i.e., d80
used to determine the corresponding biologically effective
Medical Physics, Vol. 40, No. 11, November 2013

(b)

diff between bioF IG . 1. (a) Schematic example for the difference R80
logical range for constant RBE = 1.1 and variable RBE. The black
cRBE . (b) Schematic comparison of the
dashed line corresponds to the d80
range extension for two initial proton energies of 80 and 160 MeV. For
160 MeV, a water equivalent absorber was simulated in order to shift the
distal end of the SOBP to the same position as for 80 MeV.

cRBE
range R80
. The 80% isodose d80 was chosen according to
considerations of Gottschalk28 where it was stated that the
distal d80 is a well suited value to describe the range of the
proton beam since it is independent of the energy spread of
a certain beam and reflects the mean projected range of the
protons.28,13 Figure 1(a) schematically shows the biological
range extension due to a variable RBE with depth indicated
by the green line segment.
In analogy to the reference value, the biologically effecvarRBE
, was also
tive range in the case of a variable RBE, R80
determined from the position where the RBE-weighted dose
cRBE
= 0.8 ·
decreases to the reference value of d varRBE = d80
cRBE
dprescr as defined above for the case of constant RBE. The biological extension, i.e., the difference in biological range predicted by the LEM IV as compared to the case of a constant
diff
varRBE
cRBE
= R80
− R80
.
RBE is then calculated as R80
The biological extensions were determined for the RBE
tables AB2 and AB10 (Table I) together with all the previously described settings and field arrangements. Moreover,
the biological extension was determined for monoenergetic
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Bragg peaks ranging from 71 to 220 MeV optimized to different dose levels and covering penetration depths from approximately 50 to 300 mm. For the monoenergetic Bragg peaks,
diff
is determined as
the peak defines the dose level and the R80
described above.
Furthermore, the influence of the width of the 80/20 distal
penumbra of the Bragg peak on the biological extension was
investigated. The width is defined as the difference in penetration depth from the 80% isodose (percentage of the prescribed dose) to the 20% isodose.2 Note that the symbols in
Figs. 3–6 correspond to simulated data points and the corresponding lines are empirical best fit-curves to the data points
with the aim to guide the eye. Figure 1(b) demonstrates the
difference in the width of the distal edge of the Bragg peak
using different energies to modulate the SOBP. Due to momentum spread and range straggling effects (scattering and
range modulation components in the nozzle), which are more
prominent for higher energies, the 80/20 distal penumbra increases with increasing energy.29
Finally, the RBE at the position of the maximum RBEweighted dose was evaluated to investigate the correlation
with the width of the 80/20 distal penumbra. The RBE at maximum RBE-weighted dose was chosen because it is a measure
for the highest effect in the tissue. To choose the maximum
RBE would be not suitable since the RBE further increases
throughout the distal penumbra and is highest for infinitesimal doses which go along with high uncertainties. The ranges
cRBE
varRBE
and R80
were determined along the central axis of
R80
the beam using TRiP98.

111716-4

(a)

(b)

3. RESULTS
3.A. Comparison with experimental RBE
measurements along depth

Figure 2(a) shows the RBE measurements reported by
Tang et al.7 with CHO cells in different depths for 1, 2, 4,
6, and 8 Gy, respectively. The model predictions based on the
RBE table AB6.5 are in accordance with the experimentally
observed RBE within the SOBP; the RBE is slightly underestimated by the model in the entrance region.
Figure 2(b) shows the RBE measurements reported by Bettega et al.8 with the SCC25 cell line in different depth positions including the declining edge for 2, 5, and 7 Gy, respectively. The RBE prediction is based on the RBE-table AB47.5
for a 65 MeV modulated proton beam. Only a minor dose dependence, but still a strong increase of RBE at the declining
edge, is observed.
Since in both cases a good agreement of the model predictions and experimental data was observed, the accuracy of
the model was considered to be sufficient for the systematic
analysis described in Secs. 3.B and 3.C.
3.B. The biologically effective range

We systematically analyzed the impact of the increased
RBE of low energetic protons on the extension of the effective
range considering various physical and biological parameters:
Medical Physics, Vol. 40, No. 11, November 2013

F IG . 2. (a) RBE predicted by the LEM for CHO cells based on RBE table
AB6.5 (Table I) (lines). The symbols correspond to the RBE values measured
by Tang et al. (Ref. 7) for CHO cells at different positions of a passively modulated 17.5 mm SOBP with a pristine energy of 65 MeV for different physical
dose levels in the SOBP of 1, 2, 4, 6, and 8 Gy. (b) RBE predictions by the
LEM for SCC25 cells based on RBE table AB47.5 (lines). The symbols correspond to the RBE values measured by Bettega et al. (Ref. 8) at different
positions of a passively modulated 15 mm SOBP with a pristine energy of
65 MeV for different physical dose levels of 2, 5, and 7 Gy in the SOBP. The
vertical dashed line in both plots indicates the depth at which the dose drops
cRBE
to d80
in the case of a constant RBE.

r
r
r
r

The dose level
The extension and position in depth of the target volume
The range modulation technique (active and passive)
The tissue type as characterized by the α γ /β γ -ratio for
photon irradiation.

Figure 3 shows the biological range extension dependent
on the dose for target volumes all having the same proximal
end (a) and target volumes all having the same distal end but
differing in their depth dimension (b). The calculation was
performed using the active range modulation method with different energies to cover the target volume. Independent from
the dimension of the SOBP, only minor differences are observed when the distal end of the spread out Bragg peak is
positioned at the same depth. In contrast, target geometries of
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(a)

(b)

diff for different target
F IG . 3. Dose dependent biological range difference R80
depth dimensions from 20 to 100 mm for active beam modulation with same
cRBE (a) and same R cRBE at 152 mm
proximal end at 50 mm but different R80
80
but different proximal end (b). The solid symbols correspond to an α γ /β γ ratio of 2 Gy and the open symbols to an α γ /β γ -ratio of 10 Gy, in (b) the
curves lie on top of each other. Note that here and in subsequent figures the
symbols represent the simulated data points and the lines are empirical best
fit-curves to the data points with the aim to guide the eye.

the same dimension with the distal end positioned in different depth (same proximal end) show large variations in the
biologically effective range extension.
For passive range modulation, a bolus was simulated to
shift the proximal end of the SOBP to the same position in
depth when using different energies. As shown in Fig. 4, the
biological extension is largely different when comparing the
different initial energies of 160 and 235 MeV, respectively.
This demonstrates that the biological extension is not explicitly depth dependent, but the primary energy determines
the effect. The difference between the active and the passive
modulation results from the difference to vary the penetration depth of the primary beam. In the first case, the penetration depth of the primary beam is varied using different initial
energies (Fig. 3) whereas in the second case the penetration
depth is varied placing material behind the beam exit window
(Fig. 4), leading to more pronounced range straggling.
Medical Physics, Vol. 40, No. 11, November 2013
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F IG . 4. Dose dependent biological range difference for different target depth
dimensions in depth from 20 to 60 mm using the passive range modulation
cRBE for
with the same proximal end at 50 mm but different distal ends R80
initial energies of 160 (a) and 235 MeV (b). The solid symbols correspond
to an α γ /β γ -ratio of 2 Gy and the open symbols to an α γ /β γ -ratio of 10 Gy.
Note that the curves for the different dimensions lie on top of each other.

The fact that the biological extension of the beam does not
depend on the extension of the target volume, but seems to
primarily depend on the initial energy indicates that the biological range extension is mainly determined by the width of
the 80/20 distal penumbra. We thus analyzed the correlation
of the biological extension with the width of the 80/20 distal penumbra using monoenergetic Bragg peaks with different
initial energies ranging from 71 to 220 MeV.
Figure 5(a) illustrates the biological range extension dependent on the 80/20 distal penumbra. Variation of the distal
penumbra is achieved by variation of the energy from 71 to
220 MeV, and with increasing energy an increase of the distal penumbra is observed due to a more pronounced range
straggling. The increasing distal penumbra is connected to an
increased extension of the biologically effective range, which
is most pronounced for low doses, low α γ /β γ -ratios, and high
energies as used for deep seated tumors, i.e., 235 MeV, where
range differences exceeding 4 mm are observed [Fig. 4(b)].
The extension of the biologically effective range emerges due
to a competition between the decreasing dose and increasing
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(a)

(b)

F IG . 6. Difference in biological range extension of the proton beam for
range definitions based on various isodoses from 90% to 20%. The differences are shown for a target volume of 100 mm depth dimension with the
cRBE at 152 mm which corresponds to an energy of ∼150 MeV. The asR80
sumed α γ /β γ -ratio is 2 Gy.

level used for the proton range definition on the biological
range extension with different reference isodoses from 90%
to 20%. The choice of the reference isodose matters mainly
for small doses where the largest deviations are observed
in the predicted biological range difference between the
reference isodoses.

4. DISCUSSION
F IG . 5. Biological range difference (a) and RBE at maximum RBE weighted
dose (b) vs the distal penumbra for different physical dose levels of 1, 3, 6,
and 10 Gy. The data points represent the distal penumbra for energies from
71 to 220 MeV. The solid symbols correspond to an α γ /β γ -ratio of 2 Gy and
the open symbols to an α γ /β γ -ratio of 10 Gy.

RBE. Decreasing initial energy accompanies a steeper dose
penumbra and leads to a higher LET and thus maximum RBE
at the distal part of the SOBP [Fig. 5(b)]. Simultaneously, the
LET gradient in the distal penumbra of the dose distribution
becomes steeper and covers a smaller region in depth, and
correspondingly the biological range extension becomes less
pronounced [Fig. 5(a)]. Figure 5 thus demonstrates that the
RBE at maximum RBE-weighted dose is anticorrelated with
the width of the 80/20 distal penumbra, whereas the biological
range extension correlates with the 80/20 distal penumbra.

3.C. Influence of the reference isodose

The range of the proton beam is a matter of definition. In
the clinical routine, the range of the proton beam in water is
defined at the distal 90% isodose.2, 30 In this study, the 80%
isodose is used as reference for the biological range extension. The 80% isodose is a good compromise to describe the
biological spread of the beam since it reflects the extension of
the high dose region at the distal end as well as for the physical properties.28 Figure 6 shows the influence of the isodose
Medical Physics, Vol. 40, No. 11, November 2013

4.A. Relevance of a variable RBE

With the increasing interest in protons as a promising treatment modality for cancer radiotherapy, an accurate prediction
of the increased biological effectiveness and assessment of
the associated uncertainties becomes important. Two aspects
especially have to be considered here:

r The increased RBE-weighted dose observed at the distal
end of the SOBP

r The extension of the RBE-weighted depth-dose profile
due to the rise of RBE in the distal penumbra.
Due to the competition between increasing RBE with
depth and decreasing dose, the position of the maximum
RBE-weighted dose and maximum RBE typically do not coincide; the maximum RBE-weighted dose is reached close to
the end of the SOBP, whereas the maximum RBE is found
beyond that position at low doses in the penumbra region of
the dose distribution.8, 31
Experiments which focus on the measurement of RBE
along the proton SOBP typically aim at the determination of
the maximum RBE-weighted dose, since this is of particular
interest with respect to constraints concerning the tolerance
of normal tissues located close to the distal end of the treatment field. Many in vitro experiments indicate a rise of RBE
at the distal end significantly above the clinically used value
of 1.1.4–10 However, the experimentally determined RBE in
the distal edge is associated with large uncertainties since the
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measurement is very difficult due to the steep dose and LET
gradient.
Because of uncertainties in the systematic description of
this increased RBE, e.g., in terms of dose level and tissue
characteristics, a detailed depth dependence is currently not
taken into account in clinical practice.3,1 Instead, situations
are avoided where an increased RBE could lead to unacceptable high normal tissue doses, and consequently the potential advantages of proton beams cannot be fully exploited
yet. Therefore, there is a clear need to make progress in
the detailed analysis of the factors influencing the RBE in
proton beams and to take them into account in treatment
planning.32–35 Biophysical models are valuable in that respect
because they allow extrapolation to situations that are difficult
to exploit experimentally. However, thorough validation of a
model by means of available experimental data is of course
required before it can be used for this extrapolation.
4.B. Validation of the LEM for proton irradiation

For the analysis presented here, we used the LEM IV
that has been demonstrated to accurately predict the biological effectiveness of protons for a typical clinical treatment
scenario.14 However, a more detailed analysis is desirable to
further validate the model with respect to the dependencies
of RBE on the depth position in the SOBP, the dose level
and the cell or tissue type under consideration. We have thus
compared the model prediction along the SOBP to two data
sets reported by Tang et al.7 and Bettega et al.8 for CHO and
SCC25 cells, respectively.
For both cellular systems, in general a very good agreement between model prediction and experimental data has
been achieved for different dose levels and different positions within the SOBP. In the entrance region, the LEM somewhat underestimates the RBE in the case of CHO cells. This
might be traced back to the contribution of secondary recoil
protons induced in the target material, which are not taken
into account in the current version of the treatment planning
system. Other studies36, 37 have shown that this contribution
could lead to about 8% higher RBE values in the entrance region. In contrast to CHO cells, for SCC25 good agreement
is also observed in the entrance region. However, because of
the generally lower RBE values for SCC25 as compared to
CHO cells, this cell system might not be sufficiently sensitive
to detect this subtle difference. Anyhow, the observed underestimation of the RBE in the entrance channel has no influence on the agreement of the RBE prediction in the distal end
and penumbra and thus is not of concern for the estimated
biological range extension.
4.C. Impact of dose and tissue type on the biological
range extension

Because of its good agreement with measured RBE values,
the LEM is suitable to analyze in detail the extension of the
biologically effective range that results from a variable RBE
as compared to a constant RBE value of 1.1. In general, according to the LEM prediction the extension is expected to be
Medical Physics, Vol. 40, No. 11, November 2013
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more pronounced for tissues characterized by a low α γ /β γ ratio as compared to tissues with a high α γ /β γ -ratio. The difference is most significant at low doses and gets smaller with
increasing dose. We did not focus on the sensitivity of the
threshold dose Dt since we adapted the parameter according
to an empirical relation between the α γ /β γ -ratio and Dt found
by Friedrich et al.27 Apparently, a variation of Dt accompanies
a RBE variation which also influences the biological range extension. However, in the case of protons, the RBE is rather robust for a Dt variation and the main determinant for the RBE
remains the α γ /β γ -ratio.
These general trends are in line with the results recently
published by Carabe et al.13 They also analyzed the biological range extension, but used another empirical model for
the calculation of RBE values38 and a different evaluation
method for the biological range difference based on the differences becoming apparent in the dose-volume histogram
(DVH). However, this evaluation method is not too different from the central axis approach we used due to the fact
that we as well as Carabe et al.13 consider idealized target
geometries (cubes) in our analysis. We thus expect no differences since deviations in the DVH are only due to the biological range extension at the distal end. Their results also indicate a dose dependence of the range extension, although this
dose dependence seems significantly less pronounced as in
our case. Similarly, Carabe et al.13 also demonstrate a tissue
dependence of the range extension, where for small α γ /β γ ratios the range extension is much more pronounced than
for high α γ /β γ -ratios. However, in this case, the results reported by Carabe et al.13 differ not only quantitatively but also
qualitatively from our results. Whereas in our analysis for all
situations an increased extension as compared to the assumption of a constant RBE is found, in the analysis of Carabe
et al.13 in general negative extensions are found for higher
α γ /β γ -ratios, indicating that the corresponding RBE values
in the distal penumbra are smaller than the reference value of
1.1. This is in contrast to our case, where RBE values always
higher than 1.1 are predicted for all combinations of dose
levels and α γ /β γ -ratios that were analyzed.
Since the predicted extension obviously significantly depends on the model that is used for the RBE calculations, a
detailed conceptual comparison of the different models and
their underlying assumptions would be highly desirable. Although this detailed discussion would be beyond the scope
of the present paper, we would like to address the main aspects that are likely to contribute most to the differences observed between the two models. For the LEM, according to
the track structure properties, the minimum RBE value predicted for low LET protons is 1 [the slightly lower value of
0.97 observed in Fig. 2(b) for the very sensitive SCC25 cells
is considered to be insignificant with respect to the magnitude and range of RBE values discussed here]. In contrast,
the parameterization used by Carabe et al.13 allows for RBE
values substantially below 1 at low LET and in particular for
higher α γ /β γ -ratios; the limiting value for LET → 0 is reported to be 0.843. This difference is likely due to the fact that
actually the RBE-LET relationship is not exactly linear in the
LET range up to 20 keV/μm. The LEM predicts a vanishing
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slope for the RBE-LET dependence in the limit of LET → 0,
but then shows an overproportional increase toward the high
LET values. A linear fit to such a bended curve would typically show an underestimation of the RBE at very low and
high LET values, but an overestimation at intermediate LET
values. A more thorough comparison to experimental data
would however be required to analyze this aspect in detail.
Furthermore, if for a given proton energy the LEM predicts
RBE values greater than 1, the RBE values in general decrease
with increasing dose. In contrast, although details depend on
the LET and α γ /β γ -ratios, according to the parameterization
used by Carabe et al.13 the maximum RBE values observed at
low doses (RBEmax ) can be smaller than the minimum RBE
values (RBEmin ) that represent the RBE values for D → ∞.
This corresponds to an inverted dose dependence of RBE as
compared to the LEM prediction. Taken together, although
the general trends like increase of RBE with increasing LET
and decreasing α γ /β γ -ratio are similarly predicted by both
approaches, the RBE values along a SOBP might be systematically shifted in the model used by Carabe et al.13 as a consequence of the above mentioned quantitative differences, and
might show an inverted dose dependence of RBE for low LET
values.
4.D. Impact of the dose gradient at the distal
penumbra on the biological range extension

In our analysis, we showed that for different range modulation techniques significantly different range extensions are
expected, and that these variations can be traced back to the
gradient in the distal penumbra of the dose distribution. To
our knowledge, this aspect has not been addressed in detail
by other studies so far; they mainly focus on the maximum
RBE-weighted dose in the distal edge and the consequential
overdosage, which are of concern for the nearby OARs.3, 39
Nevertheless, the impact, e.g., of the full-width at half maximum (FWHM) of the proton peak on RBE effects in general
has been recognized, but not been specifically analyzed
in terms of the dose gradient at the distal penumbra. For
example, Paganetti et al.31 reported about the anticorrelation
between the RBEα (ratio of initial slopes, α I /α γ ) at the maximum dose of pristine Bragg peaks for different beam energies
and their corresponding FWHM. Surprisingly, although no
supporting details are presented in this paper, the authors conclude that the biological extension “increases with decreasing
initial proton energy,” which is in contrast to our results.
Furthermore, Paganetti and Schmitz40 discuss the influence
of beam modulation techniques on dose and RBE in proton
radiation therapy. They show that the RBE gradient becomes
less pronounced with increasing initial proton energy, but
the aspect of range extension is not addressed in their
paper.
In that respect, it might be important to emphasize that
lower overall RBE values do not necessarily lead to a less
pronounced biological extension of the SOBP. Instead, the
range extension critically depends on the balance between
increase of RBE and the dose gradient at the distal penumbra,
as schematically illustrated in Fig. 7. If the dose gradient
Medical Physics, Vol. 40, No. 11, November 2013
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F IG . 7. Schematic example for the influence of the dose gradient at the distal
penumbra on the biological range extension.

and with that the LET gradient is high, this results in comparably large RBE values. However, even a correspondingly
large vertical shift of the depth-dose curve resulting from
the high RBE values will not lead to a large longitudinal
shift because of the high dose gradient. In contrast, for a
shallower distal penumbra, the corresponding RBE values
might be lower, but due to the inclination of the distal
penumbra even a comparably small vertical shift can lead
to a more pronounced longitudinal shift. This effect is,
moreover, independent on the model used to predict the
RBE.
Consequently, the biological range extension is also affected by the beam delivery method. In active range modulation techniques, in general, lower initial energies are used,
leading to a higher gradient of the distal penumbra. This
results in a high maximum RBE at the distal edge, but a
smaller biological range extension. In contrast, passive range
modulation techniques use higher initial energies, leading to
a shallower gradient of the distal penumbra. In this case,
smaller maximum RBE values but a more significant biological extension is expected. Nevertheless, it is primarily
the resulting gradient that determines the biological extension, but not the exact technique that is used to generate the
SOBP.
According to these considerations, the increased RBE of
protons at the distal end shows up in any case, either as a comparably high RBE at the distal end of the SOBP or a large biological extension. Appropriate choice of the radiation modality allows shifting between these two options, but there seems
to be no possibility to completely avoid the impact of RBE
effects.
Moreover, the extension is expected to affect not only the
distal penumbra, but also the lateral penumbra. However, it
is expected that in the lateral direction the dose dependence
of RBE is more important, whereas the contribution of the
increase of LET is less pronounced, although the detailed
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balance between these effects will also depend on the position in depth.

4.E. Clinical impact of the biological range extension

Range uncertainties represent a major reason to avoid field
configurations that point in the direction of a critical organ
behind the target volume, although particularly in this configuration the specific advantages of particle beams could be
exploited.41 In order to account for these uncertainties, at
present in many proton facilities 3.5% of the proton range
plus extra additional 1–3 mm is used as an extra margin.42, 43
In case of prostate treatments with proton ranges of approximately 15 cm, this corresponds to more than 5 mm extra
range and for anterior-oriented fields would deliver high dose
to the anterior rectal wall.41 Up to now, mainly physical aspects are considered in the estimation of these range uncertainties. According to the analysis presented here, extensions
of up to about 4 mm have to be taken into account resulting from the increased RBE at the distal part of the SOBP,
depending on the dose level and tissue characteristic under
consideration.
Johansson44 showed for the irradiation of hypopharyngeal
carcinoma where they positioned the distal penumbra just before the spinal cord that the effective dose to the spinal cord
with a variable RBE increased by a factor of 1.5 compared
to the case where a constant RBE of 1.1 was chosen or only
the physical dose was regarded. Even though the critical dose
level was not exceeded, one should be aware that not only a
larger part of the surrounding tissue is affected but also the
integral dose to this volume is much higher than expected
as discussed also by Jones et al.45, 46 Special caution is thus
needed for pediatric patients where the same dose affects an
even larger relative fraction of the surrounding tissue compared to adult patients.47, 48
The impact of range uncertainties and extensions has been
also addressed by Gensheimer et al.;49 using MRI measurements, they were able to directly determine the biologically
effective range in patients treated with proton beams. They reported an average overshoot of the proton beam in the lumbar
spine of 1.9 mm (0.8–3.1 mm). They attributed a small part
of the overshoot to the increased RBE in the distal edge but
assumed that the overshoot should be less than 1 mm based
on the study of Paganetti et al.50 “because the higher beam
energy causes a more gradual dose falloff.”
However, according to the discussion above, we come to
the opposite conclusion, namely, that the overshoot should increase with increasing energy precisely because of the more
gradual penumbra. The biological extension predicted by the
LEM IV is dependent on the pristine energy used and would
be between 1.6–3 mm for 235 MeV and 1.1–1.8 mm for
160 MeV and a RBE-weighted dose (RBE = 1.1) of 2 Gy
(RBE) at the 50% isodose, depending on the radiosensitivity
of the tissue type. These values are significantly larger than
the maximum value of 1 mm as estimated by Gensheimer
et al.;49 they could thus explain the discrepancy between the
overshoot that according to the authors could be attributed to
Medical Physics, Vol. 40, No. 11, November 2013
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misregistration of the MRI and CT images and the overshoot
actually measured in the patients.

5. CONCLUSION
The RBE predictions of the LEM for protons together with
the treatment planning software TRiP98 showed to be consistent with experimental data and thus represent a useful
tool to describe the variable RBE along the treated volume.
It was demonstrated in this study that the biologically effective range of proton beams is strongly dependent on physical
properties of the beam as well as on dose and the biological properties of the tissue irradiated and can lead to up to
4 mm extension of the SOBP in extreme situations. In general,
the extension is more pronounced for shallow as compared to
steep gradients of the dose in the distal penumbra for a given
dose level and tissue type.
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Abstract
In order to increase the usefulness of the alanine dosimeter as a tool for quality
assurance measurements in radiotherapy using MV x-rays, the response with
respect to the dose to water needs to be known accurately. This quantity is
determined experimentally relative to 60 Co for 4, 6, 8, 10, 15 and 25 MV
x-rays from two clinical accelerators. For the calibration, kQ factors for
ionization chambers with an uncertainty of 0.31% obtained from calorimetric
measurements were used. The results, although not inconsistent with a constant
difference in response for all MV x-ray qualities compared to 60 Co, suggest a
slow decrease from approximately 0.996 at low energies (4–6 MV) to 0.989 at
the highest energy, 25 MV. The relative uncertainty achieved for the relative
response varies between 0.35% and 0.41%. The results are confirmed by revised
experimental data from the NRC as well as by Monte Carlo simulations using
a density correction for crystalline alanine. By comparison with simulated
and measured data, also for MeV electrons, it is demonstrated that the weak
energy dependence can be explained by a transition of the alanine dosimeter
(with increasing MV values) from a photon detector to an electron detector.
An in-depth description of the calculation of the results and the corresponding
uncertainty components is presented in an appendix for the interested reader.
With respect to previous publications, the uncertainty budget had to be modified
due to new evidence and to changes of the measurement and analysis method
used at PTB for alanine/ESR.

1. Introduction
Dosimetry using alanine with read-out via electron spin resonance (ESR) is a convenient
tool for quality assurance measurements for radiotherapy. The main reasons are the good
0031-9155/13/103259+24$33.00
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water-equivalence of alanine, the weak dependence on the irradiation quality, non-destructive
read-out (different from thermoluminescence detectors) and the small size of the detectors.
Irradiation induces free radicals in the amino acid alanine. The radicals are stable: if the
detectors are stored in a dry environment, the fading, i.e. the loss of radicals, is only of the
order of a few parts in 103 per year, which makes them suitable for mailed dosimetry. The
read-out is usually performed by ESR. Since the reading is not absolute, the ESR amplitude
has to be calibrated.
Since the 1980s, alanine dosimetry has been used for (mailed) dosimetry for radiation
processing, since the mid-nineties, the National Physical Laboratory (NPL, UK) (Sharpe et al
1996) and others (De Angelis et al 2005, Onori et al 2006) also have used alanine for mailed
dosimetry in the therapy dose range, i.e. with doses lower than 10 Gy. Recently, advanced
therapy modalities such as intensity modulated radiotherapy or the Cyberknife have been
checked using alanine dosimetry (Budgell et al 2011, Garcia et al 2011). A large fraction of
the Belgian therapy centres participated in a dosimetry audit using alanine/ESR (Schaeken
et al 2011).
Several publications deal with the response of the alanine dosimeter to high-energy x-rays
and megavoltage electrons, which are the radiation qualities for which the alanine dosimeter is
best suited. The energy dependence is very weak. Between 60 Co (average photon energy 1.25
MeV) and 25 MV x-rays, the relative response of the alanine dosimeter varies by less than 1%
(Sharpe 2003, Bergstrand et al 2003, Zeng et al 2004, Anton et al 2008). None of the listed
publications gave evidence of a significant energy dependence for MV x-rays, which is why
Sharpe (2003, 2006) from NPL suggested to use a common relative response of 0.994 for all
MV qualities4. There were no contradictory results reported so far.
For electrons, the situation is similar, the most accurate measurements were published by
the National Research Council (NRC, Canada) (Zeng et al 2004) and by the Swiss metrology
institute METAS in cooperation with PTB (Vörös et al 2012). The results presented in these
two publications agree (on average) within 0.1% and indicate that a common relative response
of 0.988 for all megavoltage electron qualities will be appropriate, with an uncertainty of
approximately 1%.
In spite of this apparent consensus situation we used the new electron accelerator facilities
at PTB to determine the relative response of the alanine dosimeter for six qualities, namely
4, 6, 8, 10, 15 and 25 MV x-rays. The motivation for the new measurements was that more
accurate values for the quality correction factor kQ for ionization chambers are now available
from measurements with the PTB water calorimeter, the uncertainty of the kQ is 0.31% for
all listed qualities. Due to the comparatively large number of measurements made and hence
a small statistical uncertainty, a weak energy dependence, i.e. a small drop of the relative
response for qualities with an accelerating voltage between 8 and 15 MV, could be identified.
In addition, data for 8 and 16 MV that had been published previously (Anton et al 2008)
had to be revised. For 8 MV, there was no change apart from a slight increase of the uncertainty.
The 16 MV value had to be corrected due to a wrong conversion factor that had been applied to
the old data. A comparison between NRC and PTB is also reported; alanine dosimeter probes
were irradiated at NRC and analysed at PTB. This was prompted by apparent discrepancies
between the 25 MV results published by NRC (Zeng et al 2004) and our new data.
Monte Carlo simulations were carried out in order to find out whether the observed
behaviour of the alanine dosimeter could be reproduced by the calculations. Zeng et al (2005)
showed that it was necessary to use the density effect correction for crystalline alanine instead of
4

This means that the dose determined by an alanine dosimeter—with a calibration using 60 Co—has to be multiplied
by 1.006 in order to yield the correct dose. The uncertainty of Sharpe’s data is 0.6%.

Difference in the relative response of the alanine dosimeter to megavoltage x-ray and electron beams

3261

Table 1. Properties of the Harwell alanine pellets used.

Batch

Average mass (mg)

Diameter (mm)

Height (mm)

Density (g cm−3 )

CV (%)

AF594
AJ598
AL595

59.4 ± 0.2
59.8 ± 0.2
59.5 ± 0.2

4.82 ± 0.01
4.82 ± 0.01
4.82 ± 0.01

2.8 ± 0.1
2.7 ± 0.1
2.6 ± 0.1

1.16
1.21
1.25

0.4
0.4
0.3

a density effect correction for the alanine/paraffin mixture with the bulk density of the pellet in
order to reproduce the relative response for high energy electrons. Therefore, calculations with
the different density corrections were compared for the MV x-ray qualities under investigation.
Additional simulations were made to determine some parameters of interest such as stopping
power ratios, the mean secondary electron energy and electron ranges, which helped to explain
the new results.
In an appendix, the uncertainty budget is detailed. This appeared necessary due to new
evidence as well as to a slightly modified measurement and analysis method. Using the dosenormalized amplitude directly instead of a complete calibration curve saves several hours
of measurement time per day and leads only to a moderate, but acceptable increase of the
overall uncertainty. Details of the experimental results are also only given in the appendix.
This will facilitate the reading of the main text, but will provide the interested reader with all
the information necessary to follow the calculation of the results and their uncertainties. All
uncertainties are standard uncertainties (coverage factor k = 1) and are determined according
to the terms of reference stated in the GUM, the Guide to the expression of uncertainty in
measurement (JCGM100 2008).
For the sake of simplicity, dose or D is to be understood as absorbed dose to water in the
following, unless otherwise stated.
2. Materials and methods
2.1. Dosimeter probes
Alanine pellets with an addition of approximately 9% of paraffin as a binder, supplied by
Harwell, were used. Their parameters are listed in table 1. The leftmost column lists the name
of the batch. The following columns are the average mass in mg and the dimensions in mm.
The rightmost column, denoted as CV (= coefficient of variation), quantifies the uncertainty of
the intrinsic response, i.e. the signal per mass if the same dose is applied to different pellets of
the same batch. This is due to variations of the composition. The CV value is usually specified
by the supplier. An experimental verification for batch AL595 yielded the same CV of 0.3%.
The uncertainty for an individual mass is estimated as 60 μg and takes the loss of material
due to handling for up to ten handling processes into account (see Anton 2005). Test pellets
(irradiated in MV x-ray fields) and calibration pellets (irradiated in the 60 Co reference field)
were always taken from the same batch.
One detector consists of a stack of four alanine pellets that has to be protected from the
surrounding water. All detectors that were used for the determination of the relative response
were irradiated in a polymethylmethacrylate (PMMA) holder fitting inside a watertight PMMA
sleeve for a NE 2571 (Farmer) ionization chamber (see Anton 2006). A small additional set
of detectors shrink-wrapped in polyethylene (PE) was irradiated. The detectors together with
their holder are referred to as probes.
The two different probes are shown as schematic drawings (to scale) in figure 1. Panel (a)
shows the detector with a Farmer holder and sleeve with a total PMMA wall thickness of 2 mm.
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(a)

(b)

Figure 1. Different probes used—panel (a) detector with a PMMA holder fitting in a watertight
sleeve for a Farmer chamber; panel (b) a detector shrink-wrapped in 0.2 mm strong PE foil. The
capital B denotes the beam axis, the dash-dotted line indicates the symmetry axis of the detector.

Panel (b) shows a sketch of the PE foil probe. The thickness of the PE foil is 0.18–0.20 mm
(photograph see Vörös et al 2012). A possible influence of the holder on the relative response
of the alanine dosimeter was investigated for 60 Co, 4 and 25 MV radiation.
2.2. Irradiation in the reference fields of the PTB
2.2.1. Irradiations in the 60 Co reference field. The calibration probes were irradiated in the
Co reference field. The field size was 10 cm × 10 cm at the reference depth of 5 cm. The
geometrical centre of the probes (see figure 1) was placed at the reference depth in a 30 cm ×
30 cm × 30 cm cubic water phantom.
The contribution to the relative uncertainty of the delivered dose of 0.05% is due to
positioning uncertainties. The lateral dose profile (in the plane perpendicular to the beam axis)
over the volume of the alanine probe and over the sensitive volume of a Farmer chamber is
flat, no correction and no additional uncertainty contribution had to be taken into account.
The relative uncertainty of the absorbed dose to water as determined with the PTB water
calorimeter is 0.2% (Krauss 2006). Taking an additional small contribution for the source
shutter into account led to a relative uncertainty of the delivered dose of 0.22%.
60

2.2.2. Irradiations in MV x-ray fields. Photon beams with nominal accelerating voltages of
4, 6, 8, 10, 15 and 25 MV were supplied by two Elekta Precise linear accelerators. Irradiations
were performed at the reference depth of 10 cm in a cubic water phantom (30 cm edge length)
with a source-surface distance of 100 cm. The field size was 10 cm × 10 cm at the reference
depth. The dose rate at the reference depth was set to a value between 1 and 2 Gy min−1 . The
tissue-phantom ratio TPR20
10 for each quality was determined experimentally.
All measurements performed at the linear accelerators are normalized to the reading of
a large-area transmission ionization chamber which was calibrated every day via a secondary
standard ionization chamber before and after the irradiations of the alanine pellets. In most
cases, a Farmer NE 2571 chamber was used but for a few irradiations a watertight IBA FC65G chamber was employed. For the reproducibility of the dose, an uncertainty component of
0.12% was estimated (see Krauss and Kapsch 2007).
For the individual ionization chambers used, quality correction factors kQ had been
determined using the water calorimeter. The uncertainty of the kQ values for the 10 cm × 10 cm
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Table 2. Non-uniformity correction: ratio of dose averaged over the volume of the four alanine
pellets to the dose averaged over the volume of a Farmer chamber.

MV

Ddet /Dic

u

uindep

4
6
8
10
15
25

1.0009
1.0002
1.0008
0.9980
1.0000
0.9984

0.0001
0.0003
0.0001
0.0002
0.0001
0.0002

0.0009
0.0008
0.0009
0.0013
0.0008
0.0010

field is 0.31%5. The uncertainty of the 60 Co calibration coefficient for the reference ion
chambers NE 2571 and FC65-G is 0.25%.
For all MV beams used, the dose distribution in the reference depth in a plane vertical
to the beam axis was measured. From these distributions, non-uniformity corrections were
calculated by numerical integration over the sensitive volume of the ionization chamber and
the alanine detector. The ratio Ddet /Dic of the dose integrated over the alanine detector Ddet
and over the ionization chamber Dic is listed in table 2. The absorbed dose as determined by
the ionization chamber has to be multiplied by that ratio in order to obtain the absorbed dose
for the alanine detector.
The uncertainty of this correction, due to positioning uncertainties of the probes, was
determined using Monte Carlo methods. A positioning uncertainty of 1 mm in both directions
perpendicular to the beam axis was assumed. The column u lists the resulting uncertainty of
Ddet /Dic for the usual case when both chamber and alanine were irradiated in the same sleeve.
The column uindep is required for the single case (15 MV, hl15 of 2012-01-26 in table A4)
when ionization chamber and alanine were positioned independently, hence the index indep .
The uncertainty contribution from the depth determination was comparable to the one for
the 60 Co field due to similar gradients of the depth dose curves.
2.2.3. Irradiation temperature. The irradiation temperature is an important influence quantity
for alanine dosimetry and was registered with an uncertainty of 0.1 ◦ C. Since it was only
possible to measure the temperature of the surrounding water, a time delay of 10 min is
usually inserted between the placing of the detector in the water and the beginning of the
irradiation. For the measurements in the cobalt reference field and at the accelerators two
different sensors were used.
2.3. ESR measurements and analysis
ESR measurements were performed usually one or two weeks after irradiation, using a Bruker
EMX 1327 ESR spectrometer, with an 8 magnet and an X-band microwave bridge. The
high-sensitivity resonator ER 4119 HS was used throughout. The measurement parameters
are listed in a previous publication (Anton 2006), which also contains a detailed description
of the hardware and the evaluation method.
To a measured spectrum—which contains the signal contributions from both the irradiated
alanine (ala) and from a reference substance (ref)—two base functions are fitted, thereby
yielding the corresponding coefficients Aala and Aref . The base functions, one containing
5 These results remain to be published in a separate paper. A similar uncertainty budget is detailed in the publication
cited above (Krauss and Kapsch 2007), but for the kQ -factors determined at the PTB’s former linear accelerator.
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a pure alanin signal, one containing the signal of the reference (plus background), are
determined experimentally from spectra of unirradiated pellets and from spectra of alanine
pellets irradiated in the 60 Co reference field to 25 Gy. Four to eight pellets with a dose of 25 Gy
as well as the same number of unirradiated ones have to be measured on the same day as the
test pellets. Examples for the base functions were displayed in previous publications (Anton
2005, 2006).
The readings from the four pellets making up one detector are averaged to yield the
dose-normalized amplitude AD , which is defined as
AD =

mb
Am
· kT · b · Db .
m
kT

(1)


The index b refers to the base function. Am = m Ai /mi is the mass-normalized amplitude
for one detector (Ai = Aala /Aref , i = 1 . . . n = 4 pellets), m and mb are the average masses of
test and base function detectors, respectively, and kT and kTb are the corresponding temperature
correction factors (temperature correction coefficient taken from Krystek and Anton (2011)).
Usually, the dose-normalized amplitude (1) serves to set up a calibration curve with a
resulting measurement function (Anton 2006)
Dc = N · AD + D0 .

(2)

The upper index c is used to distinguish the calculated dose Dc from the delivered dose D.
Ideally, we would have N = 1, D0 = 0 due to the definition of AD . This ideal measurement
curve is implicitly assumed if AD is identified with Dc . Compared to measurements using a
complete calibration curve, direct use of Dc = AD reduces the time required for calibration
by at least 2 h per day. The price to pay for the reduced measurement time is a slightly higher
uncertainty. The measurement results presented below contain data evaluated with an explicit
calibration curve as well as data where Dc = AD was used directly (which method was used
for which dataset is explained in section A.3).
2.4. The relative response
From the determined dose Dc and the known value of the delivered dose D, an empirical value
r of the relative response is simply
r=

Dc
.
D

(3)

Due to the calibration as described (60 Co base, 60 Co calibration curve, ionization chamber
calibrated to indicate dose to water for the quality under consideration), r represents the
relative response with respect to the dose to water, relative to 60 Co-radiation. The response
thus determined is dependent not only on the material but also on the geometry of the detector.
The correction factors for alanine detector arrangements with a completely different geometry
(different size, more massive holder) may differ from the values presented in this study.
In order to determine a reliable value rQ for the relative response for every quality Q,
several separate values r j,Q were obtained (the subscript Q is dropped for the sake of simplicity
in the following). Between n j = 4 and n j = 9 values were produced for every quality. Every
value r j is obtained from one irradiation set, i.e. a set of test probes, comprising ni = 3 . . . 8
detectors irradiated to dose values between 5 and 20 Gy on the same day, plus some irradiated
detectors required for the calibration as outlined above. The determination of r as well as
the uncertainty budget are detailed in the appendix.
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Table 3. Relative response of alanine to MV x-rays. Columns from left to right: nominal accelerating
60
voltage in MV; tissue-phantom ratio TPR20
10 ; dose-to-water response relative to Co-radiation r;
the uncertainty component u or umod from (A.1) or (A.6) (see appendix), the combined uncertainty
u(r ) including the uncertainties of the calibration factor and kQ for the ionization chambers;
square sum of residuals q2 from (A.5); number of datasets n j ; finally whether the q2 criterion was
satisfied.

(2008 rev.)
(2008 rev.)

MV

TPR20
10

r

u or umod

u(r)

q2

nj

q2 < n j − 1?

4
6
8
8
10
15
16
25

0.638
0.683
0.714
0.716
0.733
0.760
0.762
0.799

0.9953
0.9970
0.9958
0.9959
0.9940
0.9890
0.9908
0.9893

0.0010
0.0007
0.0022
0.0022
0.0011
0.0011
0.0010
0.0012

0.0036
0.0035
0.0041
0.0041
0.0036
0.0036
0.0035
0.0036

2
6.5
9.8
4.8
10.0
2.9
0.1
7.9

4
9
5
4
8
6
4
7

y
y
n
n
n
y
y
n

3. Results and discussion
3.1. Experimental results
The results of each individual irradiation and measurement set j are listed in tables A3 and
A4 of section A.3. The final result r, the relative response averaged over all n j data sets
obtained for a specific quality, is shown in table 3. The leftmost column lists the nominal
accelerating voltage in MV, the following column represents the tissue-phantom ratio TPR20
10 .
The third column contains r, the following column lists u or umod according to equations
(A.4) and (A.6), respectively. The combined uncertainty u(r) contains also the uncertainty of
the calibration of the ionization chamber and the uncertainty of the quality correction factors
kQ for each quality. The values of the parameter q2 (A.5) and the number of datasets n j are
displayed in the following columns, the rightmost column indicates whether the consistency
criterion according to (A.5) was satisfied (y) or not (n). If not, umod according to equation
(A.6) was used instead of u from (A.4) as the uncertainty of the weighted mean, which was
the case for 8, 10 and 25 MV6. Only for 8 MV umod was significantly larger than u. However,
the effect is not dramatic for the overall uncertainty u(r).
In addition to the new measurements, the results that had been published earlier (Anton
et al 2008) had to be revised. They are also contained in table 3 and labelled (2008 rev.). There
is no change in the old 8 MV data, the published value was 0.9959 which is identical to the
revised result. The uncertainty turned out to be higher than previously published, the new value
is 0.0041 whereas the published value was 0.0028. One of the main reasons for this increase is
that the uncertainty contributions from the intrabatch homogeneity and the calibration factor
of the ionization chamber had been erroneously omitted. The situation is more dramatic for the
16 MV data, the response changed from the published value 0.9967 ± 0.0027 to the revised
value of 0.9908 ± 0.0035. The value of the published 16 MV response was in error, due to an
incorrect conversion factor that had been used. The reasons for the modified uncertainty are
the same as for the 8 MV value.
The data from table 3 are displayed in figure 2 as a function of the tissue-phantom ratio.
The reference, 60 Co-radiation, is represented by the filled circle. Filled triangles indicate the
6 This was already the case for the 8 MV data published earlier (Anton et al 2008). There is still no evidence as to
which of the uncertainty components might be underestimated. A significant amount of work was invested in testing
different options. Reporting all these attempts to identify the unknown source(s) would be outside the scope of this
publication.
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Figure 2. The relative response r and its uncertainty as a function of TPR20
10 . The reference Co
is indicated by the filled circle, the new data are represented by the filled triangles. The revised
values of our 2008 data are added as open triangles. The fit curve is only shown to guide the eye
and for later comparisons.

Table 4. Mean ratio RPE,Farmer as defined in (4) and its uncertainty for three different radiation
qualities Q.

Q

RPE,Farmer

u(RPE,Farmer )

60
Co
4 MV
25 MV

0.9997
0.9993
1.0014

0.0016
0.0019
0.0018

new values, open triangles represent the revised 2008 data. The error bars correspond to
u(r) according to table 3. A parabolic curve which was obtained by a least-squares fit to
the data is also shown, only to guide the eye. For the lower energies, the response values
are consistent with the recommendation of Sharpe while the value for the highest energy is
interestingly similar to the value obtained for the response to high-energy (MeV) electrons
(Vörös et al 2012).
3.2. Comparison of different holders
For three qualities, namely 60 Co, 4 and 25 MV, several detectors were irradiated with doses
between 10 Gy and 25 Gy, but in two different holders. One was the Farmer holder with a wall
thickness of 2 mm, the other one was a shrink-wrapping with 0.2 mm PE (see figure 1). A
weighted mean  AD /D was calculated for three to four detectors per holder and quality. The
uncertainties have been estimated as described in the appendix. The results are summarized in
table 4: for each quality the mean ratio
RPE,Farmer =

AD /DPE
AD /DFarmer

and its uncertainty are given for the three qualities under consideration.

(4)
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Figure 3. The relative response and its uncertainty as a function of TPR20
10 . The reference Co is
indicated by the filled circle. For the sake of clarity, the new PTB data are represented by the fit
curve only. Open triangles: NPL, Sharpe (2006) with only approximate TPR values; filled triangles:
Bergstrand et al (2003); open squares: Zeng et al (2004).

Within the limits of uncertainty, no influence of the holder can be discerned. Since the PE
foil probe is a very good approximation to using the alanine detector without any holder at all,
we concluded that it would be justified to neglect the holder in the Monte Carlo simulations
(see section 4). This conclusion may not be valid if a more massive holder (i.e. wall thickness
>2 mm) were to be used, although McEwen et al (2006) showed that no holder effect was
seen in MeV electron fields for sleeve thicknesses up to 4 mm .
3.3. Comparison to other experimental data
For the sake of clarity, the fit curve shown in figure 2 is also used to compare the new results
to the results of other authors. In figure 3, published data by Bergstrand et al (2003), Zeng
et al (2004) and by Sharpe (2006) are displayed.
The data from Bergstrand et al, which are indicated by the filled triangles, show a trend
which is just the inverse of what our new measurements seem to indicate, albeit with the
largest uncertainties. The NRC data from Zeng et al which are indicated by the open squares
and the NPL data which are represented by the open triangles are consistent with the proposal
by Sharpe (2006) to use a constant, energy independent response of 0.994 for the whole range
of MV therapy qualities.
3.4. NRC—new data and revised results
The systematic nature of the deviation between the new PTB data and those presented in the
literature—increasing to ≈0.6% at 25 MV—is grounds for further investigation. Therefore,
alanine pellets were irradiated by NRC in the spring of 2012 and evaluated by PTB. The data
set comprised four sets of test detectors, one for 60 Co-irradiation and one for each of the three
nominal voltages of 6, 10 and 25 MV that are available at the NRC’s Elekta Precise accelerator.
Irradiations at NRC were carried out in a similar way as at PTB using a watertight PMMA
sleeve for the detector, i.e. a stack of four pellets. For each quality, ni = 3 to ni = 4 detectors
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Figure 4. The relative response and its uncertainty as a function of TPR20
10 . The reference Co is
indicated by the filled circle. The PTB data are represented by the open triangles. The data obtained
using probes irradiated at NRC and evaluated at PTB are represented by the open squares. The
revised data from Zeng et al (2004) are shown as filled triangles. Error bars indicate the standard
uncertainties including the primary standard(s).

Table 5. Relative response values for alanine detectors irradiated at NRC in May 2012 and analysed
at PTB.

Quality

TPR20
10

ni

nc

rj

u(r j )

60
Co
6 MV
10 MV
25 MV

0.572
0.681
0.730
0.796

4
4
3
3

5
5
5
5

0.9999
0.9901
0.9901
0.9830

0.0047
0.0048
0.0048
0.0048

were irradiated with doses of approximately 10, 15 and 20 Gy. Doses were derived from a
reference ionization chamber calibrated against the NRC primary standard water calorimeter.
Evaluation and analysis were carried out as outlined above. The results are summarized
in table 5. The leftmost column lists the quality. In the next column, the tissue-phantom ratio
is given, and ni and nc are the number of test- and calibration detectors. The uncertainties
were determined as explained in the appendix. They are slightly higher than for the data where
irradiation and analysis were both carried out at PTB because two different primary standards
are now involved.
From the key comparison BIPM.RI(I)-K4 (absorbed dose to water, primary standards) it
was expected that the 60 Co-irradiated probes would exhibit a slightly lower signal if evaluated
with calibration probes irradiated at PTB (to be precise, a difference of 0.19% was expected).
Indeed, the dose ratio (r j = 0.9999) was consistent with this value within the combined
standard uncertainty of 0.47%.
The MV data tabulated in table 5 are displayed in figure 4 as open squares. All response
values lie below the PTB data for the corresponding qualities which are displayed as open
triangles. There is no significant contradiction in view of the uncertainties. If the data in table 5
are compared to the corresponding data in tables A3 and A4, only for 6 MV, the measured
value is outside the range of observations at PTB, but still within the limits of uncertainty.
Surprisingly the NRC value of r j is now less than the PTB value at all energies.
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Table 6. Relative response for alanine, values as published by Zeng et al (2004) and revised values
using new kQ corrections and uncertainties.

Published

Revised

Quality

TPR20
10

r

ur in %

r

ur in %

60
Co
6 MV
10 MV
25 MV

0.572
0.681
0.730
0.796

1
0.996
0.992
0.995

0.45
0.65
0.48

1
0.993
0.991
0.988

0.30
0.30
0.30

Due to this unexpected result, the data published by Zeng et al (2004) was revisited and
it was found that different kQ data had been used for the reference ion chamber than had been
used for the 2012 irradiations. The high-precision kQ data presented in McEwen (2010) was
not available at the time of the Zeng et al irradiations. The revised data are listed along with the
published ones in table 6 and displayed as filled triangles in figure 4 (compare figure 3). The
revised values are shifted to slightly lower values. The most pronounced change is observed for
the 25 MV response which now agrees very well with the new PTB data. In summary, NRC and
PTB data appear to agree better than expected from the published data alone. The somewhat
higher deviation of the new set of measurements can not be considered a severe problem since
the data are equivalent to just one r j measurement (according to the nomenclature defined in
the appendix) whereas the revised published data as well as the measurements presented in
this paper represent weighted averages r over at least 4 r j -values.
To complete this discussion, one should also consider the potential differences between
the NRC and PTB standards in high-energy linac beams, which could speak to the apparent
difference between the two laboratories indicated in figure 4. In the both the PTB and NRC
irradiations, a calibrated NE2571 ion chamber was used to determine the dose delivered to
the alanine pellets and therefore there are a number of sources we can refer to in determining
the NRC/PTB dose ratio. Aalbers et al (2008) collated kQ data from a larger number of
investigations (but not PTB) and showed that the NRC data were consistent with an unweighted
fit of all data at the 0.2% level for 6, 10, and 25 MV beams. Muir et al (2011) analysed
unpublished data from a large inter-laboratory comparison (including PTB) and showed again
that the NRC results were consistent with the global fit (figure 1 of that paper). Although the
other lab’s results were anonymous it can be seen that there are no significant outliers and
therefore one can conclude that the PTB and NRC results are consistent at the 0.3% level.
A final comparison is possible through the recently-initiated BIPM.RI(I)-K6 program, where
each laboratory’s dose standard is compared directly with the BIPM graphite calorimeter.
Results for both NRC and PTB are available (Picard et al 2010, 2011) and these indicate
agreement between the two laboratories within the stated uncertainties. Combining these
results one can conclude that the data represented in figure 4 are not sensitive at the 0.3% level
to the specific primary standards operated at the two laboratories.
4. Monte Carlo simulations
The apparent decrease in the relative response of alanine for TPR20
10 > 0.72 was unexpected
and the literature, based on either Monte Carlo or experimental results (Zeng et al 2004, Anton
2006), provided no satisfactory explanation. However, the fact that the asymptotic value of the
response for higher energies approaches the one observed for electrons gave a hint towards a
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possible explanation: Zeng et al (2005) stated in their publication on the relative response of
alanine to MeV electron radiation that it was necessary to take the density correction for the
crystalline alanine into account. This is justified by the fact that the interactions which produce
the free radicals necessarily take place within the alanine microcrystals. In the publication by
Vörös et al (2012), the density correction for crystalline alanine was also successfully applied
but was not explicitly mentioned.
The simulations presented in this work were carried out at the Institut für Medizinische
Physik und Strahlenschutz-IMPS (University of Applied Sciences Giessen-Friedberg,
Germany) using the EGSnrc package with the user code DOSRZnrc (Kawrakow 2000,
Kawrakow et al 2010). With DOSRZnrc, the geometry is simplified assuming cylindrical
symmetry about the beam axis. The dose scoring volume with a radius and a depth of 5 mm,
representing the alanine detector, was placed inside a cylindrical water phantom with a radius
of 20 cm and a depth of 30 cm. The geometrical centre of the scoring volume was placed 5 cm
behind the phantom surface for the 60 Co simulations and 10 cm behind the surface for the MV
x-rays. Parallel beams were assumed for the simulation.
For the 60 Co reference field, the spectrum was obtained from a MC simulation, taking the
realistic geometry of the irradiation source and its surroundings into account. A BEAMnrc
(Rogers et al 2004) simulation carried out at PTB of one of the Elekta accelerators provided
the spectra for 6 and 10 MV. For 8 and 16 MV, published spectra had been modified to
reproduce the experimental depth dose curves (see Anton et al 2008). For the 25 MV beam, a
spectrum published by Sheikh-Bagheri and Rogers (2002) was used. For 4 MV, no spectrum
was available.
4.1. Simulation of the relative response
For each of the qualities 60 Co, 6, 8, 10, 16 and 25 MV, the calculation was carried out three
times: the first one for a dose scoring volume made of water to obtain DW ; the second and third
one with a dose scoring volume consisting of a homogeneous mixture of the atomic constituents
of the alanine/paraffin pellets, in order to obtain Dala . Two separate sets for Dala were obtained,
one taking the density correction for crystalline alanine into account, the other one using
a density correction for the bulk density of the pellets. The calculations were performed
with threshold/cut-off energies for the particle transport set to ECUT = AE = 521 keV and
PCUT = AP = 1 keV and continued until a preselected statistical uncertainty was achieved.
For the other parameters of the simulation, the default settings of DOSRZnrc were used. For
each quality, the ratio(s) Dala /DW were then calculated and referred to the corresponding ratio
for 60 Co, i.e. rQMC , the simulated dose-to water response for the quality Q, relative to 60 Co, is
given as
(Dala /DW )Q
rQMC =
.
(5)
(Dala /DW )Co
The results are displayed in figure 5 along with the previously-shown fit curve to the
new PTB data. The results of the DOSRZnrc simulation with the density correction for the
bulk density are represented by the open circles whereas the results obtained using the density
correction for the crystalline alanine are displayed as filled squares. The error bars indicate the
statistical uncertainties. TPR20
10 values were obtained from simulated depth-dose curves. The
data obtained using the bulk density correction are approximately unity and inconsistent with
any published experimental results. Within the limits of uncertainty, simulated data using the
crystalline alanine density corrections and measured data agree very well. Although this had
been pointed out by Zeng et al (2005) for MeV electrons already, this finding is new for MV
x-rays.
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Figure 5. The relative response and its uncertainty as a function of TPR20
10 . The reference Co is
indicated by the filled circle. The measured data are represented by the continuous fit curve. MC
results obtained using the bulk density correction are shown as open circles, the results obtained
using the density correction for crystalline alanine are indicated by the filled squares. The error
bars represent the statistical uncertainties.

4.2. Further considerations concerning the possible energy dependence
With the aim to understand the apparent decrease of the relative response of the alanine
dosimeter with increasing photon energy, further investigations were made using the MC
method.
From the photon spectra that were used for the MC simulations, the spectra in 5 cm
depth (Co) and in 10 cm depth (MV x-rays) were calculated using the absorption coefficients
compiled and published by the National Institute of Standards and Technology (NIST,
USA) based on the publications by Seltzer (1993) and Hubbell (1982). From the attenuated
spectra, the average mass energy absorption ratios for alanine and water were determined.
The (μen /ρ)ala,W -ratio is listed in table 8 and displayed in figure 6 as a function of TPR20
10
(filled circles). With the help of the user codes SPRRZnrc and FLURZnrc from the EGSnrc
package, the stopping power ratios sala,W and the mean electron energies Eav in water were
also calculated. In table 8 and figure 6, two sets of data for sala,W are supplied, one using the
density correction for the crystalline alanine (designated by crystal) the second one using the
bulk density of the pellets (designated by bulk). The latter are indicated by the open triangles
in figure 6, the former are displayed as filled triangles. From the mean secondary electron
energy Eav listed in table 8, the corresponding electron ranges in the continuous slowing down
approximation (CSDA) for the medium water and for alanine (using the same value for the
mean energy) were obtained using the NIST/ESTAR database (Berger et al 2005) available at
the web site of NIST7. The CSDA ranges are also given in table 8, converted from g cm−2 to
cm using the density of water and of alanine (1 and 1.4 g cm−3 , respectively).
Finally, we repeated the DOSRZnrc calculation with alanine (crystalline density
correction) and with water as a detector material, but with the parameter ECUT set to a value
larger than the maximal photon energy outside the detector volume. This means all electrons
7 The stopping powers obtained from the NIST/ESTAR database as well as the density corrections in the EGSnrc
software are calculated according to ICRU Report 37 (ICRU 1984).
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Figure 6. Ratios of mass-energy-absorption coefficients and stopping power ratios for alanine and
water. Filled circles: (μen /ρ)ala,W ; filled triangles: sala,W , density correction for crystalline alanine;
open triangles: sala,W , density correction for bulk density of the pellet. Lines are shown to guide
the eye.

generated outside are not transported and therefore cannot enter the detector volume. We then
calculated the ratio of the absorbed dose inside the scoring volume with ECUT = 521 keV
inside and with ECUT larger than the maximal photon energy on the outside to the absorbed
dose with ECUT = 521 keV everywhere (see the results from the previous section). This
yielded the fraction of the absorbed dose which is due to the secondary electrons generated
by photon interactions inside the detector. This fraction is denoted as fγ in table 8. The values
listed are average values for alanine and water as a detector material. For 60 Co-radiation,
76% of the dose to the detector are due to secondary electrons that were generated by photon
absorption inside the detector volume whereas for the highest energies about 80% of the dose
are due to secondary electrons generated outside the detector volume. Speaking in terms of
Bragg–Gray theory, the alanine probe becomes an electron probe for the highest voltages.
Thus, for the higher energies the relative response should be determined almost exclusively
by the stopping power ratio sala,W and it should approach the value for electrons, which is the
case for the experimental data as well as for the simulated ones.
In addition to the photon qualities investigated, the corresponding relevant parameters
were also determined for two electron beams with maximum energies of 6 MeV and 18 MeV,
using spectra published by Ding et al (1995). The parameters obtained for the two electron
beams confirm the transition to an electron detector for the higher photon energies as mentioned
above, as can be seen by comparing the data in table 8 and in figure 7.
However, it is important to keep in mind that the response thus determined is dependent
not only on the material but also on the geometry of the detector. The correction factors for
alanine detector arrangements with a completely different geometry (e.g. for much larger
detectors or for alanine film dosimeters) may differ from the values presented in this study.
From figure 6 two important facts can be immediately deduced: first, both the (μen /ρ)ala,W ratio as well as the stopping power ratio sala,W for the crystalline alanine density correction
decrease by approximately 1% between 60 Co and 25 MV. Therefore, the observed decrease
of the relative response should not be so surprising after all. Second, if we take the ratio as
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Figure 7. Relative response as a function of the CSDA range in alanine with a density of 1.4 g cm−3 ,
in cm. Filled circles with error bars: experimental data, this work; open circles with error bars: Vörös
et al (2012) for electrons; filled triangles: MC simulation with density correction for crystalline
alanine; open triangles: stopping power ratios sala,W relative to cobalt, density correction for
crystalline alanine.

Table 7. Monte Carlo simulation using DOSRZnrc: for each quality Q the tissue-phantom ratio
TPR20
10 is given along with the simulation results, the ratio Dala /DW of the dose to alanine to the
MC . The left block of
dose to water, its relative (statistical) uncertainty and the resulting value of rQ
data was obtained using the density of crystalline alanine for the density correction, the right block
was obtained using the bulk density of the pellets.

Density of crystalline alanine

Density of pellet bulk

Q

TPR20
10

Dala /DW

ur in %

rQMC

u(rQMC )

Dala /DW

ur in %

rQMC

u(rQMC )

60

0.567
0.660
0.716
0.733
0.762
0.793

0.9735
0.9684
0.9675
0.9649
0.9643
0.9625

0.14
0.30
0.25
0.23
0.21
0.18

0.9948
0.9938
0.9911
0.9906
0.9888

0.0032
0.0029
0.0027
0.0024
0.0022

0.9749
0.9760
0.9779
0.9739
0.9737
0.9759

0.14
0.30
0.26
0.23
0.21
0.18

1.0011
1.0030
0.9989
0.9988
1.0010

0.0033
0.0029
0.0027
0.0025
0.0022

Co
6 MV
8 MV
10 MV
16 MV
25 MV

approximations to Dala /Dw , both (μen /ρ)ala,W and sala,W values for cobalt are very close to
the Dala /Dw from the MC simulation, as can be seen from table 7. The stopping power ratio
obtained using the bulk density correction is more than 2% too high, furthermore the decrease
with increasing energy is weaker than for the crystalline density correction. This underlines
the conclusion from the previous section that for simulations of the response of the alanine
dosimeter to MV x-rays, the use of the density correction for crystalline alanine is absolutely
essential.
In figure 7 the relative response is displayed as a function of the CSDA range (in alanine)
from table 8. Experimental photon data are represented by filled circles with error bars. Two
values for electrons have been added, the experimental data are from Vörös et al (2012): the
6 MeV point was directly measured, the 18 MeV point is interpolated between the 16 MeV
and the 20 MeV measurements from the cited paper. The experimental electron data are shown
as open circles with error bars. The results of the MC simulation are represented by the filled
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Table 8. Some parameters for the simulated radiation qualities: ratio of mass-energy absorption
coefficients (μen /ρ)ala,W ; stopping power ratios sala,W obtained from SPRRZnrc using the two
different density corrections (pellet bulk density and density of crystalline alanine); mean energy
Eav of the secondary electrons obtained from the electron fluence spectrum using FLURZnrc and
a water detector; the CSDA range in water and alanine for the given mean energies; finally the
fraction fγ of the dose due to photon interactions inside the detector volume.

sala,W
bulk

Eav
MeV

CSDA range
water ala
in cm

fγ

Q

TPR20
10

( μρen )ala,W

sala,W
crystal

60
Co
6 MV
8 MV
10 MV
16 MV
25 MV

0.572
0.683
0.716
0.733
0.762
0.799

0.971
0.968
0.967
0.966
0.962
0.958

0.980
0.975
0.974
0.973
0.972
0.971

0.996
0.993
0.993
0.993
0.992
0.992

0.4
1.0
1.3
1.5
2.0
2.8

0.13
0.44
0.60
0.71
0.98
1.41

0.09
0.32
0.44
0.52
0.73
1.04

0.76
0.46
0.38
0.34
0.27
0.19

6 MeV
18 MeV

–
–

–
–

0.969
0.969

0.991
0.990

2.7
6.6

1.35
3.35

1.00
2.49

–
–

triangles, the data are the same as in the previous section, with the crystalline alanine density
correction. In addition, the stopping power ratio sala,W relative to its value for 60 Co radiation
is also shown.
If the CSDA range is greater than two to three times the depth of the detector which is
approximately 0.5 cm, the relative response remains constant. The ratio of the stopping power
ratios for both electron energies to the stopping power ratio for cobalt radiation is 0.988 (from
table 8), which is identical to the average value for the relative response published by Vörös
et al (2012).
As a conclusion, it may be stated that the energy dependence of the alanine dosimeter can
be understood from the well known ratios of the mass energy absorption coefficients and the
stopping power ratios for alanine and water, provided the density correction for the crystalline
alanine is taken into account.

5. Summary and outlook
In order to increase the usefulness of the alanine dosimeter as a tool for quality assurance
measurements in radiotherapy using MV x-rays, the response with respect to the dose to
water needs to be known accurately. This quantity was determined relative to the reference
quality 60 Co for six different qualities, namely 4, 6, 8, 10, 15 and 25 MV x-rays from clinical
accelerators. The measurement series was motivated by the availability of new kQ factors for
ionization chambers with an uncertainty of 0.31% obtained from calorimetric measurements.
The measurement results seem to favour a slow decrease of the relative response from
approximately 0.996 for the lower energies to 0.989 for the highest energy, 25 MV. The
relative uncertainty achieved varies between 0.35% and 0.41%. The modified uncertainty
budget, necessitated by new evidence as well as by a slight change in methodology is detailed
in the appendix. The measured data and their uncertainties would be consistent with the
assumption of an energy independent relative response of 0.993, which is in accordance with
the results published by other authors. However, there are some arguments in favour of a slow
decrease as observed.
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Published data from NRC (Zeng et al 2004) have been revised using more recently
available new kQ values determined at the NRC with a lower uncertainty (McEwen 2010). The
revised results agree very well with the measurement results from PTB, i.e. they also exhibit
a slow decrease with increasing energy instead of remaining constant.
Monte Carlo simulations using a density correction for crystalline alanine yielded very
good agreement between measured and simulated response data. This is not the case if the
density correction for the bulk density of the pellet is used, as was demonstrated previously
by Zeng et al (2005) for MeV electron radiation and confirmed by the results of Vörös et al
(2012). This is a new result for megavoltage x-rays.
The relative response for 25 MV agrees within 0.1% with the measured and the simulated
value of 0.988 for MeV electrons (Vörös et al 2012). This appears logical if one considers
that the fraction of the dose due to secondary electrons generated within the detector volume
decreases from 76% for 60 Co to 19% for 25 MV x-rays, i.e. the alanine dosimeter is more
of a photon probe for 60 Co but mainly an electron probe for 25 MV, speaking in terms of
Bragg–Gray theory. The fraction was also determined using Monte Carlo simulation.
In fact two different quantities are contrasted if rQMC is compared directly to the
experimental data r: the MC simulation yields a ratio of absorbed dose values whereas
the experimental data are ratios of (detected) free radical concentrations. The ratios are equal
if the free radical yield, i.e. the number of free radicals generated per absorbed dose, is equal
for all qualities under consideration. One could potentially combine the experimental and MC
data to determine a value for the free radical yield but the overall combined uncertainty would
be too large to make this a worthwhile exercise.
In summary, one may state that both the measured and the simulated data suggest that
the dose-to-water response of the alanine dosimeter relative to 60 Co radiation decreases from
≈0.996 for the MV x-ray qualities with the lowest energies to a value almost equal to the relative
response to MeV electrons for the highest voltages. This behaviour is well understood in terms
of the stopping power ratios or the ranges of the secondary electrons, provided the density
correction for the crystalline alanine is taken into account. Although, a pragmatic approach
would be to use an energy-independent correction factor of 1.007 for the difference between
60
Co and MV photons this discards the theoretical insight that there is a slow transition from a
photon detector to an electron detector. As noted earlier, for significantly different geometries
of detector this transition could be very different with no ‘simple’ offset observed.
While bridging the gap between MV photons and MeV electrons is a very interesting
result, some work remains to be done, especially concerning the response of the alanine
dosimeter for the small fields employed in modern radiotherapy: the change of the radiation
quality with field size may have an influence, as well as the material of the surroundings, if
one aims at the verification of treatment plans in anthropomorphic phantoms. However, this
will be the subject of future studies.

Acknowledgments
We wish to thank T Hackel, D-M Boche, C Makowski, K-H Mühlbradt, M Schrader and O
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Appendix. Uncertainty budgets and details on the experimental data
A.1. Definitions
For each specific irradiation set, a value r j is obtained using
rj =

ni


w ji · r ji

(A.1)

i=1

where r ji is the response obtained from the determined dose Dcji for one detector and the
corresponding delivered dose D ji according to (3). r j is the weighted mean (compare the
appendix of Anton et al 2008) of the individual r ji . The weights are determined by their
uncertainties u(r ji ), given by
 n
−1/2
2

i

uj
1
where u j =
.
(A.2)
w ji =
u(r ji )
u2 (r ji )
i=1
From these data, r is obtained in a similar manner:
r =

nj


w jr j

(A.3)

j=1

where r j is obtained from (A.1) and (A.2) and
⎛
⎞−1/2
2

nj

1
u
⎠
wj =
and u = ⎝
.
u(r j )
u2 (r j )
j=1
If the consistency criterion (see Anton et al 2008, Weise and Wöger 1993)

nj 

r j − r 2
where
q2 =
q2 < n j − 1
u(r j )
j=1

(A.4)

(A.5)

is violated, e.g. if the uncertainties u(r j ) are too small compared to the scatter of the individual
values r j , a modified value umod has to be calculated. According to Dose (2003), umod is
u2mod =

 r2  − r2
,
nj − 3

where

 r2  =

nj


w j r2j ,

(A.6)

j=1

and w j given by (A.4). In case (A.5) is not fulfilled, umod replaces u as the uncertainty of the
weighted mean < r > in the following uncertainty calculations. It has to be stressed that u j is
only a component of the combined uncertainty u(r j ) and u or umod are only a component of
the combined overall uncertainty of the final result.
A.2. Uncertainty budget
A.2.1. Uncertainty of the determined dose. At least three effects contribute to the uncertainty
of the mass normalized amplitude Am : the first one is the repeatability of the amplitude
determination. For the chosen parameters and Db = 25 Gy, this corresponds to 40 mGy
(= u(Ai ) · Db ) for a single pellet or 20 mGy for an average over 4 pellets (= u(Am ) · Db ). This
value of u(Am ) is independent of dose between 2 and 25 Gy. The second part is the variation of
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Table A1. Example uncertainty budget for Dc = AD for one test detector (four pellets) irradiated to
a dose of 10 Gy. The left column contains a label which is referred to in the text, the middle column
describes the source of the uncertainty, the right column lists the relative standard uncertainty
component in per cent.

Label

Component

ur in %

1a
2a
3a
4
5

From test detector (n = 4 pellets):
Am . Amplitude repeatability
Am . Individual background
Am . Intrabatch homogeneity
kT . Irradiation temperature
m. Average mass of n probes

0.20
0.10
0.15
0.05
0.05

Subtotal test detector

0.28

From base function (n = 4 pellets):
Am . Amplitude repeatability
Am . Individual background
Am . Intrabatch homogeneity
kTb . Irradiation temperature
mb . Average mass of n probes
Subtotal
Systematic component

0.08
0.04
0.15
0.05
0.05
0.19
0.15

Subtotal base function

0.24

Db . Repeatability of irradiation
Db . Primary standard

0.05
0.22

Total

0.43

1b
2b
3b
6
7
8

9

the individual background signal which amounts to approximately 20 mGy for a single pellet
(Anton 2005). The third part is the intrabatch homogeneity, i.e. the variation of the alanine
content within a certain batch (see column CV in table 1). The same estimates apply to the
base function amplitudes.
In table A1, an example of an uncertainty budget is given for one detector (4 pellets),
irradiated to a dose of 10 Gy in the 60 Co reference field and is valid for the case when no
calibration curve is constructed, i.e. assuming Dc = AD . The base functions were constructed
from the spectra of one detector irradiated to 25 Gy and four unirradiated pellets as outlined
above. For the higher doses, the relative uncertainty due to amplitude readout repeatability
decreases, u(Am ) being constant. The limiting components are the intrabatch homogeneity
and an additional systematic component of 0.15%. The latter was deduced from repetitive
measurements of calibration and test data sets, where the dose calculated with and without
using a calibration line was compared to the known delivered dose. The non-systematic
component (subtotal) for the single base of 0.19% agrees very well with type A estimates
that were used in previous publications (Anton 2006). If the base is constructed from spectra
of two irradiated detectors and eight unirradiated pellets (double base), the subtotal for the
non-systematic part reduces from 0.19% to 0.14%.
Due to the time delay of less than one week between the irradiation of the calibration
probes and the test probes, in all but one case fading corrections were negligible (see Anton
2006, 2008).
The uncertainty of Dc determined with a calibration curve is calculated only from 1a, 2a,
3a, 4 and 5 from table A1 using equation (16) from Anton (2006): all uncertainty components
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1.5
Dc = N ⋅ A + D
D

0

c

D = AD
ur in %

1

0.5

0

5

10
D in Gy

15

20

Figure A1. Relative uncertainty of the determined dose Dc —excluding the primary standard—with
(dash-dotted curve) and without using a calibration curve (continuous curve). The data are valid
for a 25 Gy base, 60 Co -irradiated detectors and a calibration line determined from four detectors
with doses of 5, 10, 15 and 20 Gy.

associated to the base function cancel if the same set of base functions is used to determine the
amplitude for the test- and the calibration detectors. Different from earlier work, the parameters
of the calibration curve are now obtained from a linear weighted total least squares fit (Krystek
and Anton 2007) to nc data pairs (D, AD ) (calibration data set).
The uncertainties with and without using a calibration curve, but excluding the primary
standard, are shown as a function of the delivered dose in the range between 2 Gy and 20 Gy
in figure A1. The data for Dc = AD are represented by the continuous curve, the uncertainty
for the determined dose using a calibration curve is displayed by the dash-dotted curve. The
data are obtained using Db = 25 Gy and a calibration curve constructed from the amplitudes
for four detectors irradiated with doses of 5, 10, 15 and 20 Gy. All irradiations are assumed to
be carried out in the 60 Co reference field.
It is notable that the uncertainty for Dc = AD is lower at the low-dose end of the dose
range shown. The scatter of data points at the lower end of the calibration data set may lead to
larger variations of the slope and the y-axis intersection than the simple assumption of an ideal
calibration curve with intersection zero and slope unity. This is still true within the range of the
calibration curve (D  5 Gy). However, for D > 7 Gy, the results obtained using a calibration
curve are more accurate.
A.2.2. Uncertainty of the relative response values r j . The variance u2 (r ji ) = u2 (Dcji ) +
u2 (D ji ) for each individual dose is obtained as follows: for Dcji , components 1a, 2a, 3a, 4
and 5 from table A1 have to be taken into account. For the delivered dose D ji , only the
reproducibility for opening/closing the shutter (60 Co) and the stability of the monitor (MV
x-rays) are relevant at this stage. Using these components, the weighted mean values r j and
the uncertainty component u j are obtained.
An example is given in table A2 for ni = 4 (D ji ≈ 10, 12.5, 15 and 17.5 Gy). In the upper
part of the table, the left column shows the uncertainties u(r ji ) in case no calibration curve
is used (Dc = AD ) whereas the right column shows the corresponding components in case a
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Table A2. Uncertainty budget for r j for a typical irradiation set j. Here, ni = 4 test doses of
approximately 10, 12.5, 15 and 17.5 Gy were chosen. The budgets for an evaluation with Dc = AD
(left) and using a calibration curve (right) with data points at 5, 10, 15 and 20 Gy are compared.
The subtotal u j /r j is obtained from (A.1) and (A.2).

Component

ur in %
D = AD
0.28
0.24
0.22
0.21

Calibration line
0.32
0.27
0.25
0.24

subtotal u j /r j

0.12

0.13

Base function
Reproducibility DMV = D ji
Reproducibility DCo
kT (systematic part)

0.24

u(rj )/rj

0.30

c

r j1
r j2
r j3
r j4

(D j1
(D j2
(D j3
(D j4

≈ 10 Gy)
≈ 12.5 Gy)
≈ 15 Gy)
≈ 17.5 Gy)

–
0.12
0.05
0.04
0.19

calibration curve is used. In this example, a 60 Co calibration curve with data points at 5, 10,
15 and 20 Gy was used. The resulting relative value u j /r j from equations (A.1) and (A.2) is
given for both cases (subtotal, printed in bold).
Where a calibration curve is not used, the uncertainty components for the base (1b, 2b,
3b, 6, 7 and 8 from table A1) have to be included after the calculation of the weighted mean
r j which yield another 0.24%.
For each irradiation set j, the positioning of the sleeve in the phantom which contains
the pellets and the ionization chamber for the irradiation of the test probes was made only
once, therefore this component for the uncertainty of D ji has to be added after calculating the
weighted mean r j . A similar component associated with the reproducibility of the irradiation
of calibration and base probes is also added after calculating the weighted mean because
the whole set is usually irradiated without moving the sleeve. An uncertainty component for
the temperature correction due to a possible systematic deviation of 0.1 K between the two
different temperature sensors used at the Cobalt irradiation source and at the accelerator is
included as well. Other components such as the uncertainty of the 60 Co calibration factor of
the ionization chamber have to be added only after calculating the weighted mean r (see
next section).
The example presented in table A2 is typical in the sense that the relative uncertainty of
r j is approximately 0.2% if a calibration curve is used and 0.3% for Dc = AD . Actual values
vary slightly due to different sizes of test and calibration data sets. All results r j and their
corresponding uncertainties u(r j ) are shown below in tables A3 and A4.
A.2.3. Uncertainty of the final result r. The weighted mean values r were calculated
from n j = 4 up to n j = 9 values r j using (A.3) and (A.4). The values u(r j ) listed in tables
A3 and A4 served to calculate the weights according to (A.4). In addition to the uncertainty
components u from equation (A.4) or umod from equation (A.6), the contributions from the
60
Co calibration of the ionization chamber and the kQ -factors have to be taken into account.
The uncertainty of the primary standard of 0.2% cancels because the calibration factor for the
ionization chamber, the dose rate of the 60 Co reference field and the kQ values were determined
using the same calorimeter. The contributions to be added are finally ur (IC) = 0.15% for the
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Table A3. Relative response r j for the irradiation sets investigated, 4 to 8 MV. Columns from left
to right: nominal accelerating voltage in MV, irradiation set label, date of measurement, number
of test detectors ni (1 detector = 4 pellets); number of calibration detectors nc ; number of base
detectors nb ; r j using equations (A.1) and (A.2); the uncertainty u(r j ), see section A.2.2 and the
example in table A2.

MV
4
4
4
4

Set j
hl22
hl22
hl28
hl31

Date
2012-03-22
2012-03-29
2012-06-26
2012-07-12

ni
4
4
4
4

nc
4
4
5
5

nb
1
1
1
1

rj
0.9970
0.9959
0.9951
0.9931

u(r j )
0.0020
0.0020
0.0020
0.0020

6
6
6
6
6
6
6
6
6

hf34
hf37
hj03
hj05
hj33
hj37
hj38
hj45
hj45

2008-06-11
2008-11-19
2009-01-30
2009-02-13
2010-10-05
2010-11-02
2010-11-18
2011-03-23
2011-03-31

5
5
5
5
6
4
4
4
4

5
5
5
5
–
5
–
4
5

1
1
1
1
2
1
2
2
1

0.9973
0.9974
0.9988
0.9988
0.9932
0.9938
0.9942
0.9967
0.9978

0.0019
0.0019
0.0019
0.0019
0.0033
0.0021
0.0030
0.0030
0.0021

8
8
8
8
8

hj31
hj39
hj49
hl01
hl22

2010-09-15
2010-12-14
2011-05-18
2011-06-22
2012-03-29

6
8
5
5
4

–
–
6
6
4

1
1
1
1
1

0.9908
0.9910
0.9954
0.9952
1.0004

0.0033
0.0033
0.0019
0.0018
0.0020

Table A4. Relative response r j for the irradiation sets investigated, 10 to 25 MV. Columns from left
to right: nominal accelerating voltage in MV, irradiation set label, date of measurement, number
of test detectors ni (1 detector = 4 pellets); number of calibration detectors nc ; number of base
detectors nb ; r j using equations (A.1) and (A.2); the uncertainty u(r j ), see section A.2.2 and the
example in table A2.

MV
10
10
10
10
10
10
10
10

Set j
hf34
hf36
hf37
hj03
hj07
hj41
hj45
hj45

Date
2008-05-29
2008-07-22
2008-11-13
2008-12-16
2009-03-12
2011-01-06
2011-03-23
2011-03-30

ni
4
5
5
5
6
4
4
4

nc
4
5
5
5
5
5
–
6

nb
1
1
1
1
1
1
2
1

rj
0.9943
0.9954
0.9939
0.9929
0.9937
0.9897
0.9958
0.9987

u(r j )
0.0021
0.0052
0.0019
0.0019
0.0019
0.0021
0.0030
0.0021

15
15
15
15
15
15

hl15
hl15
hl15
hl16
hl16
hl20

2012-01-24
2012-01-26
2012-01-26
2012-02-09
2012-02-14
2012-03-02

6
3
3
6
6
3

–
–
–
–
–
4

2
2
2
1
1
1

0.9915
0.9900
0.9899
0.9880
0.9901
0.9864

0.0027
0.0028
0.0029
0.0029
0.0030
0.0021

25
25
25
25
25
25
25

hj29
hj32
hj34
hj49
hl01
hl03
hl09

2010-08-18
2010-09-29
2010-10-13
2011-05-17
2011-06-17
2011-08-09
2011-11-02

6
8
8
5
5
4
3

–
–
–
6
6
6
–

2
1
1
1
1
1
2

0.9860
0.9921
0.9935
0.9918
0.9867
0.9883
0.9906

0.0029
0.0033
0.0033
0.0019
0.0018
0.0019
0.0028
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calibration factors and ur (kQ ) = 0.31% for the quality correction factors of the ionization
chamber(s).
A.3. Details of the experimental results
The results of each individual irradiation and measurement set j are listed in tables A3 and
A4. The first column lists the nominal accelerating voltage in MV, the second one a label
attached to each irradiation set8 and the third column contains the date of measurement. The
following three columns describe the size of the dataset: ni is the number of test detectors
irradiated in the MV x-ray field. Their doses are always interspersed between the lowest and
the highest dose of the calibration set. The latter consisted of nc probes with doses between 5
and 25 Gy. nb is the number of base detectors. nb = 2 means that there were spectra from two
irradiated detectors and eight unirradiated pellets used to construct the base functions. The
individual relative response values r j are listed in the following column and were obtained
using equations (A.1) and (A.2). The uncertainties of these values are denoted as u(r j ) and are
listed in the rightmost column. The calculation of these values is described in section A.2.2,
an example is given in table A2.
With a calibration curve, the uncertainty of the individual values is approximately 0.2%
whereas the quicker evaluation without a calibration curve leads to a higher uncertainty of
approximately 0.3%. For the latter case, it appears to be insignificant whether a single (nb = 1)
or a double (nb = 2) set of pellets was used for the construction of the base functions. There
appears to be no correlation between the value of r j and whether or not a calibration curve was
employed. The uncertainties are in general slightly smaller if the data sets are bigger, which
is no surprise. However, a small set of test data (ni = 3) evaluated with a calibration curve
yields more accurate results than a large set (ni = 8) evaluated without. The higher value of
u(r j ) for the 10 MV set hf36 is due to a fading correction and its associated uncertainty.
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Abstract
The application of small photon fields in modern radiotherapy requires the
, fmsr
with high
determination of total scatter factors Scp or field factors Qfclin
clin ,Qmsr
precision. Both quantities require the knowledge of the field-size-dependent
, fmsr
. The aim of this study is the
and detector-dependent correction factor kQfclin
clin ,Qmsr
fclin , fmsr
determination of the correction factor kQclin ,Qmsr for different types of detectors
in a clinical 6 MV photon beam of a Siemens KD linear accelerator. The
EGSnrc Monte Carlo code was used to calculate the dose to water and
the dose to different detectors to determine the field factor as well as the
mentioned correction factor for different small square field sizes. Besides this,
the mean water to air stopping power ratio as well as the ratio of the mean
energy absorption coefficients for the relevant materials was calculated for
different small field sizes. As the beam source, a Monte Carlo based model
of a Siemens KD linear accelerator was used. The results show that in the
case of ionization chambers the detector volume has the largest impact on
, fmsr
; this perturbation may contribute up to 50% to
the correction factor kQfclin
clin ,Qmsr
the correction factor. Field-dependent changes in stopping-power ratios are
, fmsr
is of the order of 1.2 at a field size of 1
negligible. The magnitude of kQfclin
clin ,Qmsr
2
× 1 cm for the large volume ion chamber PTW31010 and is still in the range
of 1.05–1.07 for the PinPoint chambers PTW31014 and PTW31016. For the
diode detectors included in this study (PTW60016, PTW 60017), the correction
factor deviates no more than 2% from unity in field sizes between 10 × 10
, fmsr
and 1 × 1 cm2 , but below this field size there is a steep decrease of kQfclin
clin ,Qmsr
below unity, i.e. a strong overestimation of dose. Besides the field size and
detector dependence, the results reveal a clear dependence of the correction
factor on the accelerator geometry for field sizes below 1 × 1 cm2 , i.e. on
the beam spot size of the primary electrons hitting the target. This effect is
especially pronounced for the ionization chambers. In conclusion, comparing
all detectors, the unshielded diode PTW60017 is highly recommended for small
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, fmsr
field dosimetry, since its correction factor kQfclin
is closest to unity in small
clin ,Qmsr
fields and mainly independent of the electron beam spot size.

(Some figures may appear in colour only in the online journal)

1. Introduction
In high precision radiotherapy such as intensity modulated radiotherapy (IMRT) and
stereotactic radiosurgery, it is fundamental to determine the dose in small photon fields with
high accuracy. However, the accuracy in experimental small field dosimetry is limited due to
the lack of lateral charged particle equilibrium, spectral changes as a function of field size,
sensitivity variations of the used detectors and the non-negligible detector volume (Das et al
2008). On the other hand, all common dosimetry protocols (Andreo et al 2000, Almond et al
1999, DIN6800-2 2008) are based on measurements under reference conditions. Regarding
the field size, they are limited to the 10 × 10 cm2 reference field size. Therefore, Alfonso et al
(2008) proposed a new formalism for small and non-standard field dosimetry, introducing a
, fmsr
which may be determined by Monte Carlo
new detector-dependent correction factor kQfclin
clin ,Qmsr
simulations only.
, fmsr
or a different notation of the factor
In several publications, the correction factor kQfclin
clin ,Qmsr
has been provided for various detectors in small fields of several linear accelerators. Francescon
et al (2011) provide small field correction factors for different types of detectors and two
linear accelerators (SIEMENS Primus, ELEKTA Synergy) with a nominal energy of 6 MeV.
, fmsr
not only depends on the field size, but
Moreover, he shows that the correction factor kQfclin
clin ,Qmsr
may also depend on the spot size of the primary electrons hitting the accelerators target.
Cranmer-Sargison et al (2011) calculated the correction factors for diode detectors in
small Varian iX linear accelerator photon fields. One conclusion of this publication is that the
scatter factors are very sensitive to the simulation source parameters of small fields. In another
study, Cranmer-Sargison et al (2012) provide the difference between output factors calculated
from the dose in diode detector modelled in detail and a simplified model. One conclusion of
this study is that high-density components near to the silicon chip have to be included in the
detector model.
Crop et al (2009) could show using Monte Carlo simulations that the variation of the
electron beam spot size of the linear accelerator Elekta Synergy at 6 MV beam quality leads
to variations in the field shape of the 0.8 × 0.8 cm2 field. They also found that these variations
lead to different perturbation factors for microionization chambers. Therefore, output factors of
small fields may be used for a Monte Carlo commissioning of linear accelerator models or only
as an independent validation of the TG-105 (Chetty et al 2007) approach for commissioning.
Francescon et al (2008) estimate the electron beam spot size of a Cyberknife system by a Monte
Carlo based calculation of the well-known total scatter factor for different electron beam spot
sizes and comparison with measurements. The strong dependence of the total scatter factor
on the electron beam spot size is obviously caused by the source occlusion effect (Scott et al
2009).
Based on the results in a previous publication (Czarnecki et al 2012), the field factor
, fmsr
, fmsr
and the correction factor kQfclin
were calculated within this work using the Monte
Qfclin
clin ,Qmsr
clin ,Qmsr
Carlo method for a wide range of field sizes following the formalism of Alfonso et al and
previous publications on small field Monte Carlo dosimetry. The calculations were performed
for a linear accelerator SIEMENS KD (6 MV-X) and five different detector types. Calculating
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the field and correction factors, special attention was paid to the influence of the accelerators’
electron beam spot size on the new dosimetric quantities for different small field sizes. In
addition to that, measurements at the University Hospital Marburg were performed to estimate
the electron beam spot size of the accelerator in Marburg by comparing experimental and
simulated data. Following Bouchard et al (2009), the relation between the correction factor
, fmsr
and the water to air mass collision stopping-power ratios (s̄w,a )Q , as well as the
kQfclin
clin ,Qmsr
perturbation factors for ionization chambers was obtained. To investigate the influence of
, fmsr
, the water to air mass collision stopping-power ratios were calculated
(s̄w,a )Q on kQfclin
clin ,Qmsr
for several field sizes by Monte Carlo simulations. Additionally, the ratio of the mass energy
absorption coefficient (μ̄en )w
Si in water and silicon for various field sizes was calculated, since
the dose in a silicon diode detector also depends on this quantity.
2. Methods and materials
2.1. Background theory
fclin
Following the notation of Alfonso et al , the absorbed dose to water, Dw,Q
, at a point in a
clin
water phantom for a clinical field size fclin of beam quality Qclin is given by
fclin
fmsr
, fmsr
Dw,Q
= Dw,Q
Qfclin
,
clin
msr
clin ,Qmsr

(1)

where Qmsr is the beam quality of the corresponding machine specific reference field fmsr .
The machine specific reference field is an intermediate field for treatment devices that cannot
create a conventional reference field fref = 10 × 10 cm2 . For a conventional linear accelerator,
the machine specific reference field fmsr is equal to the reference field fref . The field factor
, fmsr
fmsr
converts the absorbed dose to water Dw,Q
in the machine specific reference field
Qfclin
clin ,Qmsr
msr
fclin
into the absorbed dose to water Dw,Qclin in a clinical field fclin , which could be of arbitrary size.
The field factor cannot be determined experimentally without an additional correction factor
, fmsr
, which corrects the different detector response in the different field sizes fclin and
kQfclin
clin ,Qmsr
fmsr :
, fmsr
Qfclin
=
clin ,Qmsr

MQfclin
clin
MQfmsr
msr

, fmsr
kQfclin
,
clin ,Qmsr

(2)

where M denotes the dosimeter reading per monitor units. In this formalism, the beam quality
correction factor in common dosimetry protocols (Andreo et al 2000, Almond et al 1999,
, fmsr
, which
DIN6800-2 2008) can be considered as a special case of the correction factor kQfclin
clin ,Qmsr
may be written as follows:
, fmsr
kQfclin
=
clin ,Qmsr

fclin
Dw,Q
/MQfclin
clin
clin
fmsr
Dw,Q
/MQfmsr
msr
msr

.

(3)

To calculate the correction factor by the Monte Carlo method it has to be assumed that
fclin
in the sensitive volume
the detector reading M is proportional to the absorbed dose Ddet,Q
clin
of the detector, i.e. equation (3) can be expressed as follows:
, fmsr
=
kQfclin
clin ,Qmsr

fclin
fclin
/Ddet,Q
Dw,Q
clin
clin
fmsr
fmsr
Dw,Q
/Ddet,Q
msr
msr

.

All quantities in equation (4) can be computed by Monte Carlo simulations.

(4)
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In the case of ionization chambers, Bragg–Gray theory can be applied and the correction
, fmsr
factor kQfclin
can be traced back to the water to air mass stopping-power ratios (s̄w,a )Q and
clin ,Qmsr
perturbation corrections p (Andreo 1992):
, fmsr
=
kQfclin
clin ,Qmsr

(s̄w,a )Qfclin
(p)Qfclin
clin
clin
(s̄w,a )Qfmsr
(p)Qfmsr
msr
msr

.

(5)

The perturbation correction p accounts for all possible fluence perturbations due to the
replacement of the material water by the detector. According to Bouchard et al (2009), the
perturbation correction may be factorized as follows:
p = p f l pρ pvol pstem pcel pwall .

(6)

The perturbation of the secondary electron fluence due to the air filled cavity is taken
into account by the factor p f l ; the factor pρ describes the perturbations due to the different
detector material density compared to water, pvol quantifies the change of fluence due to the
averaging of charged particle fluence over the sensitive volume of the detector filled with water
compared to the fluence at the point of measurement in water, pstem considers the perturbation
due to the stem of the chamber, pcel is the change of fluence due to the central electrode and
pwall is the change of fluence due to the walls chamber. To determine the impact of the overall
, fmsr
, it was calculated as a function of field
perturbation factor p on the correction factor kQfclin
clin ,Qmsr
size for all ionization chambers, but it was not factorized according to equation (6). Only the
volume perturbation pvol was calculated separately, as it was expected that it will have the
largest impact on p.
Bragg–Gray theory cannot be applied in the case of diode detectors. For solid-state
detectors, the Burlin theory has to be used (IPEM 2010), which not only accounts for electron
interactions within the detector volume, but also for photon interactions. Accordingly, the
correction factor may be written as

 fclin
fclin
d s̄w,Si + (1 − d)(μ̄en )w
Si Qclin (p)Qclin
fclin , fmsr
.
(7)
kQclin ,Qmsr = 
 fmsr
(p)Qfmsr
d s̄w,Si + (1 − d)(μ̄en )w
Si Q
msr
msr

Within equation (7), s̄w,Si denotes the mass stopping-power ratio of water to silicon and
(μ̄en )w
Si the ratio of mass energy absorption coefficients for the materials water and silicon.
The parameter d should be determined from the electron fluence generated in the cavity of the
detector and the electron fluence entering the cavity.
2.2. Monte Carlo calculations
For the Monte Carlo simulations, the EGSnrc code system (Kawrakow et al 2010) was
used. The particle transport in the treatment head of the linear accelerator (SIMENS KD,
6 MV-X) was simulated with the user code BEAMnrc (Rogers et al 1995). The BEAMnrc
simulations were performed with a transport and particle production threshold energy of
ECUT=AE=700 keV for electrons as well as positrons and PCUT=AP=10 keV for photons.
To improve the efficiency of the Monte Carlo simulations, the variance reduction technique
directional bremsstrahlung splitting (DBS) was utilized. For the linear accelerator geometry,
a splitting number of 3000 was selected for optimal simulation efficiency. According to the
recommendation by Kawrakow et al (2004), a splitting field radius of 10 cm at a distance
of 100 cm from the source was chosen for the 10 × 10 cm2 reference field. For the other
field sizes, the splitting radius was also set equal to the side length of the radiation field. The
treatment head was modelled in detail according to the information given by the manufacturer.
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Table 1. Detectors used for Monte Carlo simulations and measurements.

Dimension of sensitive volume
Detector type
PTW31010
Semiflex (SF)
PTW31014
PinPoint (PP1)
PTW31016
PinPoint (PP2)
PTW60016
Shielded Diode P (SD)
PTW60017
Jnshielded Diode E (uSD)

Volume (mm3 )

Radius (mm)

Length (mm)

125

2.75

6.5

15

1

5

16

1.45

2.9

0.03

–

–

0.03

–

–

To model the initial electron beam in the treatment head, the BEAMnrc source ISOURCE=19
was used.
Phase space files (PHSP) were generated with BEAMnrc for different field sizes and
electron beam spot sizes. The field size was varied from 0.5 × 0.5 to 10 × 10 cm2 and the
initial electron beam spot size from 1.4 to 2.6 mm full-width at half-maximum (FWHM). The
generated PHSP files were used as a particle source in the EGSnrc user codes egs_chamber
(Wulff et al 2008), sprrznrc (Rogers et al 2011) and g. The user code beamdp (Ma and Rogers
2009) was used to calculate the photon fluence from PHSP files created at a depth of 10 cm
in a water phantom. Within the egs_chamber and sprrznrc code, the threshold/cut-off energies
for the particle transport was set to ECUT=AE=521 keV and PCUT=AP=10 keV. The user code
sprrznrc was used to calculate the stopping-power ratios for several field sizes in a water
phantom. With the user code g the mass energy absorption coefficient was calculated.
The dose within the sensitive volume of five different types of detectors (see table 1)
was calculated with the user code egs_chamber. The detector geometries were modelled in
detail according to the information given by the manufacturer (PTW-Freiburg) using the egs++
geometry package (Kawrakow et al 2009). The ionization chambers were modelled including
all detail such as central electrode, stem and capsule. The diode detectors were modelled
fclin
was
including the whole silicon chip and the surrounding material. The dose to water Dw,Q
clin
calculated in a small cylindrical water voxel with a radius of 0.1 mm and a height of 1 mm. In
preliminary calculations, it was confirmed that a further decrease in voxel size will not change
the dose to the voxel within uncertainty limits (<0.2%) even at the smallest field size, i.e. the
volume averaging for this voxel size is negligible.
2.3. Monte Carlo commissioning of the linear accelerator
The BEAMnrc model of the Siemens KD applied in this work was already used in several
publications as a particle source. The commissioning of the BEAMnrc linear accelerator model
is described in Wulff et al (2010), Wulff (2010). In addition, the spatial distribution of the
primary electrons hitting the target was adjusted within this study according to the work of
Francescon et al (2008). For this reason, measurements within the 6 MV-X photon beam of a
Siemens KD-2 accelerator at the University Hospital Marburg were performed to determine
the detector reading at the field size 1 × 1 cm2 and at the reference field size 10 × 10 cm2 .
2.4. Measurements
The measurements were performed in a MP3 (PTW, Freiburg) water-phantom (50 × 60 ×
50 cm3 ) at a source-to-surface distance of 90 cm and a water depth of 10 cm, using two different
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f

Figure 1. Monte Carlo calculated ratio of the detector reading MQclin /MQfmsr
for three different
msr
clin
field sizes as a function of electron beam spot size for the detectors given in table 1. In addition,
fclin , fmsr
the field factor Q ,Qmsr is displayed. The statistical uncertainty of the Monte Carlo data is below
clin
0.6% (1 σ ). In the last two diagrams, the statistical uncertainty corresponds to the symbol size.

ionization chambers (PTW31010, PTW31016) and diode detectors (PTW60016, PTW60017).
The detectors were positioned with their effective point of measurement at the measurement
depth using the TrueFix system (PTW-Freiburg). The overall uncertainty of the ratio of the
detector readings was assumed to be 0.75% (1σ ) according to the investigations of Francescon
et al (2011). The uncertainty takes account of the detector positioning, the mechanical tolerance
of the multileaf collimator and output fluctuations of the linear accelerator.
3. Results
3.1. Influence of linear accelerator spot size on the field factor and the correction factor
/MQfmsr
for different detectors as a function of the
The ratio of the detector readings MQfclin
clin
msr
, fmsr
electron beam spot size is given in figure 1. In addition, the field factor Qfclin
is shown,
clin ,Qmsr
which is free from all detector perturbations. The quantities are given for the field sizes
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f

,f

Figure 2. Correction factor kQclin ,Qmsr
for three different field sizes as a function of the electron
clin msr
spot size calculated according to equation (2) for the detectors given in table 1. The statistical
uncertainty of the Monte Carlo results corresponds to the symbol size (1σ ).

4 × 4, 1 × 1 and 0.5 × 0.5 cm2 . As can be seen, for the three field sizes the field factor as
well as the ratio of detector reading shows a different large dependence on the electron beam
spot size. The smaller the field size, the stronger the dependence of the detector reading ratio
on the electron beam spot size. Moreover, the ratio of the detector reading strongly depends
on the volume of the detector for the small field sizes 1 × 1 and 0.5 × 0.5 cm2 .
, fmsr
was determined from the data of
Using equation (2), the correction factor kQfclin
clin ,Qmsr
, fmsr
figure 1; the results are shown in figure 2. As to be expected, the variation of kQfclin
clin ,Qmsr
with the beam spot size is much smaller than the variation of the detector reading. For all
given field sizes, the variation is within 0.8% for the diodes, and for the ion chambers it is
within 1% down to a field size of 1 × 1 cm2 . Only for the smallest field size of 0.5 × 0.5 cm2 ,
there is a remarkable dependence of the correction factor on the beam spot size present for the
, fmsr
increases by more than 20%.
ion chambers. Depending on the ion chambers, volume kQfclin
clin ,Qmsr
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f

Figure 3. Measured and calculated ratios of detector reading MQclin /MQfmsr
for the 1 × 1 cm2 field as
msr
clin
a function of the beam spot size. The calculated data were fitted by a second-order polynomial. The
measured ratio of detector reading is symbolized by a horizontal line. The vertical lines indicate the
predicted spot size. The experimental uncertainties are symbolized by a dashed line and are about
0.75%. The error bars give the statistical uncertainty of the Monte Carlo data, which corresponds
in the lower diagrams to the symbol size (1σ ).

This is obviously due to the source occlusion effect. The results given in figures 1 and 2 are
consistent with the results published by Francescon et al (2011).
3.2. Determination the electron beam spot size
The dependence of the detector reading on the electron beam spot size for the 1 × 1 cm2 field
was used to determine the true spot size by comparing the calculated and measured detector
readings. The 1 × 1 cm2 field size was chosen rather than the more sensitive 0.5 × 0.5 cm2 field
size, because it was not possible to create a 0.5 × 0.5 cm2 field size with the multileaf collimator
of the linear accelerator. Figure 3 contains the Monte Carlo calculated ratio of the detector
reading for different detectors together with the measured ratios. A second-order polynomial
is used to fit the Monte Carlo data for the detectors to find the value of the electron beam
spot size that corresponds to the measured data. The mean value for the different detectors
results in a value of 2 mm for the electron beam spot size (FWHM, Gaussian distribution). All
following results are calculated with this spot size.
3.3. Interaction coefficients
To investigate the change in detector response, the spectral photon fluence for different field
sizes was calculated by Monte Carlo (see figure 4). The resulting mean photon energies are
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Figure 4. Monte Carlo calculated spectral photon fluence of the Siemens KD-2 accelerator at a
depth of 10 cm in a water phantom for different field sizes. The fluences are normalized to the
maximum.

Figure 5. Monte Carlo calculated mean photon energy of the Siemens KD-2 accelerator over field
size at a depth of 10 cm in a water phantom.

given in figure 5. As can be seen, there is an almost linear increase of the mean photon energy
with decreasing field size, resulting in a change of about 0.7 MeV going from the reference
field size of 10 × 10 cm2 down to a field size of 0.5 × 0.5 cm2 . As the detectors response
depends on the perturbation corrections p as well as on the ratios of the restricted stopping
powers and in case of the diodes also on the ratios of energy absorption coefficients (μ̄en )w
Si ,
both quantities were calculated using PHSP for the different field sizes. The results are given
in figures 6 and 7.
The impact of the field-size-dependent changes in photon fluence on the restricted
stopping-power ratios is no more than 0.5% even for the smallest field size of 0.5 × 0.5 cm2 , i.e.
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Figure 6. Restricted water to air stopping-power ratio as a function of field size normalized to the
water to air stopping-power ratio at the field size of 10 × 10 cm2 for the Siemens KD (6 MV-X)
linear accelerator. The cut-off energy  was set to 10 keV (Andreo et al 2000).

Figure 7. Mean mass energy absorption coefficient for water relative to silicon as a function of
field size at a depth of 10 cm in a water phantom for the Siemens KD (6 MV-X) linear accelerator.

may be neglected to the first approximation. This confirms the findings of other publications
(Andreo and Brahme 1986, Das et al 2008). In comparison to this, changes in the ratios of
the mass energy absorption coefficients due to field-size-dependent photon fluence variations
are much more pronounced. As can be seen in figure 7, there is an increase of about 10% in
2
(μ̄en )w
Si for the materials water and silicon going from the reference field size 10 × 10 cm
to a field size of 0.5 × 0.5 cm2 . Therefore, it may be expected that the field-size-dependent
response of diode detectors may be attributed to a non-negligible amount to the variation of
w
2
(μ̄en )w
Si . On the other hand, (μ̄en )Si varies only about 2% in the range of 0.5 × 0.5 to 4 × 4 cm
field size. For that reason, a 4 × 4 cm2 machine specific reference field may be more suitable
for small field dosimetry.
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Figure 8. Monte Carlo calculated perturbation factors as a function of field size for three different
ionization chambers. All perturbation factors are normalized to the perturbation factor at the
reference field size of 10 × 10 cm2 . In the left diagram, the total perturbation factor p and the
volume perturbation factor pvol are shown. In the right diagram, the volume effect is excluded, i.e.
the ratio p/pvol normalized to the value at the reference field size is given.

3.4. Perturbation factors for ionization chambers in small fields
The calculated pertubation corrections p = Dw /(Ddet · sw,a ) for the ion chambers are given
in figure 8. As may be expected, the volume effect pvol (see equation (6)) contributes
to a large amount to the overall perturbation correction; its contribution was calculated
separately (Bouchard et al 2009) and is given in figure 8 together with the overall perturbation
correction p. As can be seen, the perturbations corrections for the two PinPoint chambers
are much smaller than that for the larger Semiflex chamber PTW31010. At first glance,
the differences in the volume perturbation of both PinPoint chambers are surprising since
the active volume of both chambers is quite similar (see table 1). This can be explained
by the different geometries of both chambers: the radius of the PTW31014 is smaller, but the
length of the cylindrical volume is larger, resulting in a larger volume effect in comparison
to the more compact PTW31016 chamber. The residual perturbation corrections do not differ
within 0.7% between both chambers (see the right diagram of figure 8). The right diagram of
figure 8 shows that not only the volume perturbation increases with decreasing field size, but
also the product of the remaining perturbation factors. Additional simulations are necessary
to obtain more information about the field size dependence of the different perturbation
corrections given in equation (6).
, fmsr
3.5. Correction factor kQfclin
clin ,Qmsr
, fmsr
In figure 9, the resulting correction factor kQfclin
for the ionization chambers and the diode
clin ,Qmsr
detectors as a function of field size are summarized. For field sizes larger than 3 × 3 cm2 , the
, fmsr
for the ionization chambers is close to unity. For smaller field sizes,
correction factor kQfclin
clin ,Qmsr
the chambers underestimate the dose. Since the volume perturbation pvol is larger than other
perturbation effects (see figure 9), the correction factor strongly depends on the volume of the
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f

,f

Figure 9. Calculated correction factor kQclin ,Qmsr
for ionization chambers and diodes as a function
clin msr
of field size.

chambers. For field sizes between 2 × 2 and 9 × 9 cm2 , the diodes also underestimate the
dose. These results confirm the measurements from Sauer and Wilbert (2007) who compared
the response of diode detectors in comparison to an ionization chamber as a function of field
size.
The under-response of the diode detectors may be caused by the increasing ratio of the
mass energy absorption coefficient (μ̄en )w
Si in smaller fields (see figure 7). On the other hand,
the diode detector clearly overestimates the dose in field sizes below 1.4 × 1.4 cm2 . This
, fmsr
results in a correction factor kQfclin
below unity. Similar data have recently been published
clin ,Qmsr
by Francescon et al (2011) for comparable detectors.
A more fundamental investigation was recently performed by Scott et al (2012). They
investigated the dose response in small photon fields in dependence of the mass density
of the detectors material. For their Monte Carlo simulations, they defined several types
of water, different in mass density but all having the same atomic composition and mass
stopping power and mass energy absorption coefficients like water with density of 1 g cm−3 .
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According to their results, high-density detector materials overestimate the dose and lowdensity detector materials underestimate the dose relative to that of water in small field sizes.
These findings confirm our results in figure 9. According to Scott et al , the dose overestimation
and underestimation, respectively, correlates with the mass density of the detector material
relative to that of water.
In summary, in very small fields (<1.4 × 1.4 cm2 ) the deviations of the correction
, fmsr
from unity are smallest for the diodes, mainly because of their very small
factor kQfclin
clin ,Qmsr
sensitive volume. Comparing both diode detectors, the unshielded one shows slightly smaller
perturbation corrections. Therefore, the unshielded diode should be preferred for small field
dosimetry measurements (Eklund and Ahnesjö 2010).
4. Conclusion
, fmsr
and correction factors
According to the formalism of Alfonso et al field factors Qfclin
clin ,Qmsr
fclin , fmsr
kQclin ,Qmsr were calculated for small field dosimetry. The dependence of both quantities on
electron beam spot size and field size was calculated for several detectors in a 6 MV photon
field of a Siemens KD-2 linear accelerator using the EGSnrc Monte Carlo code. The results
, fmsr
down to the field size of 1 × 1 cm2
show that all calculated correction factors kQfclin
clin ,Qmsr
were independent of the electron beam spot size. This is a significant fact when Monte Carlo
calculated correction factors are eventually used for clinical dosimetry, since the exact value of
the electron beam spot size is often unknown and may vary between different linear accelerators
of the same model. In very small field sizes such as 0.5 × 0.5 cm2 , the correction factor for
all investigated ionization chambers depends on the electron beam spot size.
, fmsr
, fmsr
, the field factor Qfclin
and ratio of detector
In contrast to the correction factor kQfclin
clin ,Qmsr
clin ,Qmsr
fmsr
reading MQfclin
/M
show
a
field
size
dependence
already
for
field
sizes
>1 × 1 cm2 . This
Qmsr
clin
dependence was used to determine the true electron beam spot size of the real Siemens KD-2
linear accelerator. Regarding the ionization chambers, the volume effect is one of the largest
perturbations in small field dosimetry; therefore PinPoint chambers are highly recommended.
Comparing both PinPoint chambers included in this study, the PTW 31016 is superior to
the PTW 31014 chamber because of its more compact design, resulting in a smaller volume
perturbation. This result confirms the finding in Crop et al (2009). Optimal detectors for small
field dosimetry are diode detectors. They are characterized by the smallest correction factor
, fmsr
which is within 2% down to a field size of around 1.5 × 1.5 cm2 . The small increase
kQfclin
clin ,Qmsr
fclin , fmsr
of kQclin ,Qmsr from the reference field size down to the field size of about 2 × 2 cm2 is obviously
due to the increase of the ratio of mass energy absorption coefficients (see figure 7). The strong
decrease of the correction factor below this field size obviously is an effect related to the mass
density of the detector material as recently shown by Scott et al (2012).
Comparing both diodes, the unshielded diode has a correction factor which is closest to
unity, i.e. this detector is the optimal choice for small field dosimetry purposes. This result is
in accordance with a statement recently published by Eklund and Ahnesjö (2010).
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Abstract
Substantial changes in ion chamber perturbation correction factors in 60 Co
γ -rays, suggested by recent Monte Carlo (MC) calculations, would cause a
decrease of about 1.5% in the reference dosimetry of all types of charged
particles (electrons, protons and heavier ions) based on calculated kQ values. It
has gone largely unnoticed that the ratio of calibration coefficients ND,w,Co60 and
NK,air,Co60 yields an experimental value of Fch,Co60 = (sw-air pch )Co60 through
ND,air,Co60 . Coefficients provided by the IAEA and traceable to the BIPM for
91 NE-2571 chambers result in an average Fch,Co60 which is compared with
published (and new) MC simulations and with the value in IAEA TRS-398. It
is shown that TRS-398 agrees within 0.12% with the experimental Fch,Co60 . The
1.5% difference resulting from MC calculations (1.1% for the new simulations)
cannot be justified using current fundamental data and BIPM standards if
consistency in the entire dosimetry chain is sought. For photons, MC kQ factors
are compared with TRS-398. Using the same uncertainty for Wair , the two sets of
data overlap considerably. Experimental kQ values from standards laboratories
lie between the two sets of calculated values, showing no preference for one
set over the other. Observed chamber-to-chamber differences, that include the
effect of waterproof sleeves (also seen for 60 Co), justify the recommendation
in TRS-398 for kQ values specifically measured for the user chamber. Current
developments on I-values for the stopping powers of water and graphite are
presented. A weighted average Iwater = 78 ± 2 eV is obtained from published
experimental and DRF-based values; this would decrease sw-air for all types
of radiotherapy beams between 0.3% and 0.6%, and would consequently
decrease the MC derived Fch,Co60 . The implications of a recent proposal for
0031-9155/13/196593+29$33.00
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Igraphite = 81 eV are analysed, resulting in a potential decrease of 0.7% in
NK,air,Co60 which would raise the experimental Fch,Co60 ; this would result in
an increase of about 0.8% in the current TRS-398 value when referred to the
BIPM standards. MC derived Fch,Co60 using new stopping powers would then
agree at a level of 0.1% with the experimental value, confirming the need for
consistency in the dosimetry chain data. Should world average standards be
used as reference, the figures would become +0.4% for TRS-398 and −0.3%
for the MC calculation. Fch,Q calculated for megavoltage photons using new
stopping powers would decrease by between 0.2% and 0.5%. When they enter
as a ratios in kQ , differences with MC values based on current key data would be
within 0.2% but their discrepancy with kQ experimental photon values remains
unresolved. For protons the new data would require an increase in Wair,Q of about
0.6%, as this is inferred from a combination of calorimetry and ionometry. This
consistent scenario would leave unchanged the current TRS-398 kQ (NE-2571)
data for protons, as well as for ions heavier than protons unless new independent
Wair,Q values become available. Also in these advanced radiotherapy modalities,
the need for maintaining data consistency in an analysis that unavoidably must
include the complete dosimetry chain is demonstrated.
(Some figures may appear in colour only in the online journal)
1. Introduction
A key step in the radiotherapy process is the requirement for consistent reference dosimetry
traceable to metrological primary standards and, to enable reliable dosimetry comparisons,
common procedures within a country, or even worldwide, need to be followed for reference
dosimetry. Many countries in Europe and elsewhere base their reference dosimetry for external
beams, from 60 Co γ -rays to protons and heavier charged particle beams, on the IAEA TRS-398
Code of Practice (Andreo et al 2000) or use its data and/or similar procedures. The increased
availability of standards laboratories providing calibrations of ionization chambers in terms
of absorbed dose to water, ND,w,Q0 , at high-energy photon beam qualities (Allisy-Roberts
et al 2009) has expanded the number of users following the recommendation in TRS-398
to use, whenever possible, experimentally determined kQ,Q0 beam quality correction factors
specifically measured for the user chamber. In the case of protons and heavier ions, although
calorimetry-based primary standards might in the near future allow the use of heavy charged
particle reference qualities and measured kQ,Q0 factors, current reference dosimetry is still
based on the use of 60 Co as reference quality. It is emphasized that comparisons of data
and references to TRS-398 based solely on calculated beam quality correction factors do not
consider that their use is the third option in the international Code of Practice and that the
mean energy required to produce an ion pair in dry air at a given beam quality (ICRU 1979),
Wair,Q , still is one of the largest sources of uncertainty in ionization chamber dosimetry based
on air-kerma or absorbed dose to water standards.
For reference dosimetry in any type of high-energy radiotherapy beam based on calculated
beam quality factors kQ (i.e. kQ,Q0 normalized to the reference quality of 60 Co γ -rays), advanced
Monte Carlo (MC) calculations used to derive ionization chamber perturbation correction
factors, pch,Q , have improved the accuracy of the data entering into the calculation of kQ
values. These include ratios of the perturbation correction factors mentioned and of other
dosimetric quantities. In the case of megavoltage photon and electron beams, the factors
Fch,Q = sw-air,Q pch,Q , where sw-air,Q is the Spencer–Attix water-to-air stopping-power ratio for
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the beam quality Q, play a key role, kQ being equal to the ratio Fch,Q /Fch,Co60 . For protons and
heavier ions kQ includes in addition the ratio Wair,Q /Wair,Co60 .
For 60 Co and megavoltage photon beams it has been shown that some of the pch,Q
correction factors previously used, derived using analytical expressions and measurements
developed or made 30 years ago, were incorrect. In the case of cylindrical ionization chambers
of the Farmer-type, where the NE-2571 continues to be one of the most common reference
instruments, various MC calculations (e.g. Buckley and Rogers 2006, Wang and Rogers 2008,
Wulff et al 2008a) have resulted in a considerable increase of pch for 60 Co which would
raise the value of Fch,Co60 . If directly applied at the clinic while keeping other basic data
unchanged, it would decrease the reference absorbed dose to water, Dw,Q (zref ), for all types
of charged particles (electrons, protons and heavier ions) by up to 1.5%; the effect would be
smaller for megavoltage photon beam dosimetry due to cancellation in the increase of pch,Q
and pch,Co60 entering in kQ as a ratio. Such a considerable change in the dosimetry of the
most common reference beam quality raises an apparent conundrum for 60 Co. The increase
in Fch,Co60 and subsequent decrease in Dw,Q (zref ) was already questioned by Benmakhlouf
and Andreo (2011) on the grounds of ‘a considerable discrepancy with current evidence’, and
Andreo (2010, 2011, 2012) emphasized the need for finding a solution providing a consistent
reference dose determination in the entire range of radiotherapy beams, irrespective of the
procedure used for deriving the necessary data, as a major priority in their dosimetry.
This work aims first at resolving the 60 Co apparent conundrum by considering data on
ionization chamber calibrations traceable to the standards of the Bureau International des
Poids et Mesures (BIPM); the analysis is supported by new MC simulations of the NE-2571
chamber. Considering the agreement between different standards laboratories worldwide (cf
Allisy-Roberts et al 2009), the findings can be considered of general applicability. It will
also analyse kQ values for megavoltage photon beams, comparing calculated values with new
simulations and with experimentally derived data measured at standard laboratories (electron
kQ values for plane-parallel chambers were analysed by Benmakhlouf and Andreo (2011)).
Finally, current developments on the mean excitation energies for the electronic stopping
powers of water and graphite, that may affect substantially the dosimetry of all radiotherapy
beam types, will be discussed under a framework of consistency in the basic data used
throughout the entire dosimetry chain, and their impact on a possible future scenario for
reference dosimetry presented.
2. Fundamentals of reference dosimetry. Background
For sake of clarity and subsequent use throughout this work, expressions generalized for all
types of high-energy radiotherapy beams of quality Q, for the determination of absorbed dose
to water under reference conditions, Dw,Q (zref ), using an ionization chamber calibrated in
terms of air-kerma and absorbed dose to water will be given in this background section.
Recall that the fundamental Bragg–Gray expression relating the absorbed dose in two
media through their stopping-power ratio is modified using a chamber specific perturbation
correction factor for the relevant beam quality, which accounts for changes in the particle
fluence at the point of measurement caused by the presence of the chamber. The various types
of perturbation correction factors are usually written as a product of independent corrections,
so that stopping-power ratios calculated for homogeneous ‘unperturbed’ media can be used, i.e.


pch j
= Dair-ch,Q sw-air,Q pch,Q ≡ Dair-ch,Q Fch,Q
(1)
Dw,Q (zref ) = Dair-ch,Q sw-air,Q
j

Q
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where Dair-ch,Q is the mean absorbed dose in the chamber air cavity and, for simplicity in
the notation, a factor Fch,Q = sw-air,Q pch,Q has been introduced. Note that Fch,Q is commonly
determined in MC dosimetry simulations directly as the ratio Dw,Q /Dair-ch,Q , which yields a
‘perturbed’ stopping-power ratio (Sempau et al 2004). The Fch,Q is also used to determine
MC-derived chamber perturbation correction factors, pch,Q , where the influence of the various
components of a chamber is analysed comparing the resulting absorbed dose in the air cavity,
Dair-ch,Q , following the addition or replacement of each chamber component, with the dose to
a point in water in the absence of the chamber, Dw,Q (approximated by a very small water volume), and assuming that sw-air,Q is known, see e.g. Sempau et al (2004) and Wulff et al (2008a).
Equation (1) provides the basis for the reference dosimetry of any type of high-energy
radiotherapy beam based on air-kerma calibration coefficients for 60 Co, NK,air,Co60 (see e.g.
AAPM TG-21 (Schulz et al 1983) or IAEA TRS-277 (Andreo et al 1987) through the wellknown ND,air coefficient, which for any beam type of quality Q can be written as



Wair,Q
Wair,Q
ND,air,Q = ND,air,Co60
= NK,air,Co60 (1 − ḡair )Co60
kchi
(2)
Wair,Co60
Wair,Co60
i
Co60

where ḡair is the mean fraction of the initial kinetic energy of the
 secondary electrons generated
by 60 Co γ -rays that is converted to bremsstrahlung in air, and kch is the product of correction
factors taking into account the lack of air equivalence of the chamber wall and its build-up cap,
km , attenuation and scattering in the chamber components, katt , and, if relevant, a kcel factor
that corrects for the presence of a central electrode. Note that these are essentially equivalent
to the corrections used in ionometric primary standards, in which the mean absorbed dose to
the air cavity is determined from a measurement of the charge produced in a known air volume
(cf Büermann and Burns 2009). The above yields
Wair,Q
Fch,Q
(3)
Dw,Q (zref ) = Mw,Q ND,air,Co60
Wair,Co60
Mw,Q being the charge collected by the user chamber at the reference depth in a water
phantom, corrected for influence quantities. For megavoltage photon and electron beams,
where Wair,Q ≈ Wair,Co60 , expression (3) coincides with that used in conventional air-kerma
protocols, while in the case of proton and heavier ion beams the ratio of the mean energies
required to produce an ion pair in dry air, Wair , must be taken into account.
In parallel with the above, for the more straightforward case of absorbed dose to water
standards, the reference absorbed dose to water in any type of high-energy radiotherapy beam
is given by (see e.g. IAEA TRS-398 (Andreo et al 2000))
Dw,Q (zref ) = Mw,Q ND,w,Co60 kQ,Q0

(4)

where
kQ,Q0 =

ND,w,Q
ND,w,Co60

(5)

and ND,w,q are the calibration coefficients at the respective quality ‘q’, specifically measured
for the user chamber. When calibration coefficients measured at qualities different from 60 Co
are not available, equation (5) is approximated by
Fch,Q Wair,Q
calc
kQ,Co60
=
(6)
Fch,Co60 Wair,Co60
for which values were given in TRS-398 (and for megavoltage photons and electrons in other
dosimetry protocols as well). Note that in this case, both Fch,Q and Fch,Co60 are calculated
quantities.
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It is important to emphasize that even if the ND,w formalism has become the most currently
used for reference dosimetry of high-energy radiotherapy beams, air-kerma standards play
an important role in external radiotherapy with kV x-rays, protons and heavier particles,
brachytherapy, diagnostic radiology and radiation protection dosimetry. The need for dosimetry
consistency in all radiation medicine applications cannot therefore be underestimated.
3. Current status of 60 Co γ-rays key data
In an ideal case, reference dosimetry based on expressions (3) and (4) should coincide for
any beam quality. At the time IAEA TRS-398 was published in 2000 this was not the case,
and for 60 Co γ -rays the two expressions differed by about 1% for various types of ionization
chambers (see figure 19 in TRS-398). The situation was explained in terms of the Kair and Dw
standards for 60 Co then available at the BIPM and other national metrology laboratories.
Three important issues have occurred since. The first was an increase of 0.54% in the Kair
standard of the BIPM in 2007, increasing by this amount the ionization chamber calibration
coefficients NK,air,Co60 traceable to this standard. Note that the BIPM ionometric Dw standard
was not changed at that time because of the ongoing development of a calorimetric standard,
and furthermore is unlikely to change because of the good agreement between the BIPM
ionometric and calorimetric standards (Burns et al 2013). The second was a series of MC
calculations by different authors on ionization chamber perturbation correction factors. The
third was developments in basic dosimetry data possibly leading to new recommendations for
the I-values for graphite and water. These will be discussed separately below.
For photon beams the lack of equivalence to water of the material of a chamber wall is
taken into account using the pwall perturbation correction factor. An empirical two-component
expression was given by Almond and Svensson (1977) to correct for this effect which, in spite
of its simplicity, was used in TRS-398 as the only source then available. Wall perturbation
correction factors for cylindrical chambers (NE-2571) have subsequently been calculated using
the EGSnrc MC system (Kawrakow et al 2011) by Buckley and Rogers (2006) and Wulff et al
(2008a), and values between 0.6% and 0.2% higher than the values included in TRS-398,
obtained for 60 Co and for high megavoltage photon energies respectively (see figure 1).6 With
regard to the displacement correction factor, pdis , different data sets, either from experimental
data of Johansson et al (1978), or from the ‘first scatter’ analytical calculations of Cunningham
and Sontag (1980), have been used to correct for this effect in dosimetry protocols such as
IAEA TRS-398 (Andreo et al 2000) and AAPM TG-51 (Almond et al 1999). MC calculations
by different authors (e.g. Wang and Rogers 2008, Wulff et al 2008a) have shown differences
with the TRS-398 data of up to 0.8% for 60 Co; these led Swanpalmer and Johansson (2011)
to refine the experimental determinations of Johansson et al (1978) obtaining good agreement
with the new calculations, also for megavoltage photons (Swanpalmer and Johansson 2012).
The different values shown in figure 2 illustrate the expected change for a NE-2571 chamber.
Central electrode perturbation correction factors, pcel , for NE-2571 Farmer-type cylindrical
ionization chambers in high-energy photon beams have been calculated by Buckley et al
(2004) and Wulff et al (2008a), and in this case the difference between the values in TRS-398
and those from the references quoted is within 0.2%.
The combined effect of the new MC data on pwall , pdis and pcel for a NE-2571 chamber,
keeping unchanged sw-air,Co60 , is to increase Fch,Co60 by 1.5% approximately. Consequently, if
Fch,Q would remain unaltered for this chamber type, as a priori would be the case for electrons,
6 In this and in other figures, linear and nonlinear ‘robust’ regression techniques, so denominated because they
minimize the influence of outliers (see e.g. Press et al 2007), have been used as implemented in MATLAB and
Statistics Toolbox releases (Math Works Inc. 2012).
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Figure 1. Chamber wall perturbation correction factors for a Farmer NE-2571 as a function of
photon beam quality. The solid line corresponds to the empirical expression by Almond and
Svensson (1977) used in IAEA TRS-398 and the dashed line is a robust linear fit to MC calculated
values by different authors (symbols). Adapted from Benmakhlouf and Andreo (2011).
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Figure 2. Displacement perturbation correction factors for a Farmer NE-2571 as a function of
photon beam quality. The solid line corresponds to the experimental data of Johansson et al (1978)
used in IAEA TRS-398, and the dashed–dotted line to the calculations of Cunningham and Sontag
(1980) used in AAPM TG-51. The dashed line is a robust linear fit to MC calculated values by
different authors (symbols). The arrows indicate new experimental data (open dotted circles) by
Swanpalmer and Johansson (2012).

protons and heavier charged particles, kQ , and therefore Dw (zref ), would decrease by the same
amount according to equations (6) and (4) respectively. In the case of megavoltage photons the
decrease would be smaller, but still close to 1% (see figures 1 and 2 for the differences in pwall
and pdis , respectively). This apparent conundrum requires a solution providing a consistent
reference dose determination in the entire range of radiotherapy beams.
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Figure 3. Ratio of calibration coefficients ND,w,Co60 and NK,air,Co60 , traceable to current BIPM
Kair and Dw standards, for a sample of 91 NE-2571 chambers measured at the IAEA Dosimetry
Laboratory. Their mean value (solid horizontal line) and ± standard deviation (dashed lines) are
indicated. Uncertainty bars correspond to the laboratory component (positioning of the standard
and user chambers, current measurements and corrections for influence quantities) of the combined
standard uncertainty, estimated to be 0.17%. Most of the significant outliers correspond to chambers
repaired by the owner. Courtesy of the IAEA Dosimetry and Medical Radiation Physics Section.

With respect to the consistency of the dosimetry chain across all beam modalities it
has gone largely unnoticed that for 60 Co γ -rays the ratio of ionization chamber calibration
coefficients in terms of absorbed dose to water and air-kerma, ND,w,Co60 and NK,air,Co60 , yields
the value of Fch,Co60 through the ND,air,Co60 coefficient, as
ND,w,Co60
≡ Fch,Co60 = (sw-air pch )Co60
ND,air,Co60

(7)

where ND,air,Co60 was defined in equation (2). The factor Fch,Co60 is henceforth referred to as
an experimental value, noting that ND,air,Co60 includes the product of the chamber corrections
km katt kcel and the value of (1 − ḡair ) for 60 Co.
Based on current BIPM standards, calibration coefficients from the IAEA Dosimetry
Laboratory for a sample of 91 NE-2571 chambers yield an average ratio ND,w,Co60 /NK,air,Co60 =
1.0914 with a standard deviation of the data of 0.14%, which results in Fch,Co60 = 1.1036.
The calibration data ratios are shown in figure 3, where a significant variation, most likely
related to chamber-to-chamber differences, can be observed; note that these differences also
include the combined influence of the build-up caps and waterproof sleeves used, that usually
belong to the chamber owners (from a large number of countries). It has not been possible
to acquire such large compilations of data pairs from other laboratories for this particular
chamber, but data provided by the NPL for the most common secondary standards in the UK,
i.e. chambers of the type NE-2561 (43 units) and NE-2611 (28 units), show similar spread in
the ND,w,Co60 /NK,air,Co60 ratios, their standard deviations being 0.13% and 0.14% respectively.
This experimental value of Fch,Co60 agrees within about 0.12% with the value given
in TRS-398 (1.102, see the rightmost column of table 37 in TRS-398), although it should
be emphasized that this agreement results from a fortuitous cancellation in the values of
the different quantities involved throughout the entire process. The current ratio between
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Table 1. Comparison of dosimetry quantities at the reference quality of 60 Co γ -rays for NE2571 ionization chambers. The experimental reference ND,w /ND,air = Fch,Co60 is the average
of calibration coefficients from the IAEA Dosimetry Laboratory for 91 chambers, see figure 3,
traceable to current BIPM Kair and Dw standards (as of 2007). The calibration coefficients are
given in mGy/nC.

ND,w,Co60 (IAEA)
NK,air,Co60 (IAEA)
ND,w /NK
km katt kcel c
1 − ḡair
ND,air
ND,w /ND,air = Fch,Co60
Fch,Co60 = sw-air pch
sw-air ( = 10 keV)
pch (from above)
Dw (ND,w )/Dw (NK )

Past
(< 2007)

Present
( 2007)

45.28
41.26
1.097
0.992
0.997
40.81
1.110

45.28
41.48

41.03
1.104

1.110
1.133
0.979
1.007

1.104
1.133
0.974
1.001

TRS-398a

Monte Carlo
presentb

1.091

1.098
0.988

1.102
1.133
0.972

1.114
1.134
0.983

a

From table 37 in IAEA TRS-398 (Andreo et al 2000).
This work, based on improved geometry description.
c k k =0.985 (TRS-277); k =1.007 (1/p
m att
cel
cel in TRS-398 table 37).
b

Dw,Co60 (ND,w ) and Dw,Co60 (NK −ND,air ) has the same level of agreement, as
(Fch,Co60 )exp
ND,w,Co60
Dw,Co60 (ND,w )
=
→
(8)
Dw,Co60 (NK −ND,air )
ND,air,Co60 Fch,Co60
(Fch,Co60 )T RS-398
thus superseding the approximate 1% difference quoted in the TRS-398 Code of Practice,
specifically 0.7% for the NE-2571 chamber. Numerical details of the calculations involved,
rounded to three decimals, are given in table 1; note that all the MC calculated values shown
have a statistical standard uncertainty uA ≈ 0.1%. Compared with the experimental value of
Fch,Co60 , the difference of about 1.5% raised by the published MC data on chamber perturbation
factors mentioned above is not consistent with the use of the current key data and BIPM Kair
and Dw standards if consistency throughout the entire dosimetry chain is sought. A different
scenario could however be foreseen for the future on the light of other changes in key dosimetry
quantities, that will be discussed in detail below.
To provide a more specific and detailed comparison with MC calculations, new simulations
have been carried out where an improved geometry description of the NE-2571 ionization
chamber has been coded using information provided in the Nuclear Enterprises Ltd Report
3 (NE 1984), which includes accurate information on material and active dimensions of
the NE-2571 chamber and, more importantly, it describes their ranges of variation in the
manufacturing process (showing changes since 1978). Note that most references above were
based on a simplified geometry of this chamber, as described by Aird and Farmer (1972).
Compared with the latter, the changes in our geometry were generally in the order of tenths of
millimetres, and relate to the air volume and stem dimensions; the density of the graphite was
also changed to 1.8 g cm−3 according to the information provided in the Nuclear Enterprises
Report.
User codes in the EGSnrc MC system (Kawrakow et al 2011) have been used to derive airkerma related quantities NK,air,Co60 and km katt kcel (cavity, Kawrakow et al 2009), and absorbed
dose to water related quantities ND,w,Co60 , Dw /Dair = Fch,Co60 (egs_chamber, Wulff et al 2008b,
Wulff 2010), all with the mentioned statistical standard uncertainty uA ≈ 0.1%. The chamber
geometry was described using the egspp library (Kawrakow et al 2009). The cut-off energies
for particle production and transport in the calculations were set to 1 keV for photons and
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electrons. Rayleigh scattering and electron impact ionization were taken into account, and
the XCOM photon cross sections and NIST bremsstrahlung cross sections selected for the
simulations. All other parameters were left to their defaults as defined in the EGSnrc version
used (V4-r2-3-2). Material data sets were prepared with restricted electronic mass stopping
powers for Iwater = 75 eV and Igraphite = 78 eV and other I-values from ICRU Report 37 (ICRU
1984). The results of these calculations are also included in table 1.
Comparing TRS-398 values and the present MC calculations with the IAEA–BIPM 60 Co
experimental data, it can be seen that the current status is
(a) the value of Fch,Co60 in TRS-398 (1.102) differs approximately by −0.1% from the
experimental value,
(b) the new MC calculated Fch,Co60 (1.114) differs approximately by +1.0% from the
experimental value,
(c) the absorbed doses determined with ND,w and NK using the expressions and data in
TRS-398, shown in the table as the ratio Dw (ND,w )/Dw (NK ), agree approximately within
−0.1%,
(d) the MC calculated ratio of calibration coefficients, ND,w /NK = 1.098, differs
approximately by +0.6% from the experimental value.
It is emphasized that the present MC calculations decrease the difference in pch,Co60 with
TRS-398 from 1.5% (references above) to 1.1%.
4. Beam quality factors kQ for megavoltage photon beams
In the case of megavoltage photons, calculated beam quality factors would be affected by the
increase in the values of pch predicted by the MC calculations cited above, notably those for
60
Co γ -rays. Values of kQ have been provided by Wulff et al (2008a) and Muir and Rogers
(2010) in the form of tables and/or polynomial fits. Both sets of results, which in Wulff’s
case include source-surface-distance and source-chamber-distance configurations, as well as
those from new MC calculations according to the description above, have been obtained using
the egs_chamber user code. They all agree remarkably well within their respective type-A
uncertainties of 0.1% despite the improved geometry description of the NE-2571 chamber,
a finding which is consistent with previous observations of Wulff et al (2010). The results
are shown in figure 4(a) along with the TRS-398 data, where sigmoidal fits of the form
kQ = a/(1 + e(b−TPR20,10 )/c ) have been included for visualization purposes. An increasing
difference with beam quality between the MC and TRS-398 data can be seen, which becomes
about 0.8% at the highest beam qualities. This difference is mainly due to the large increase
of pch at 60 Co discussed in the preceding section, entering into the factor Fch,Co60 in the
denominator of kQ , as for high photon energies the different perturbation factors entering
into Fch,Q (numerator of k)Q do not differ from those in TRS-398 by more than 0.2%–0.3%
(see figures 1 and 2). Although it is almost certain that the MC kQ values would not vary
much if certain key dosimetry data are changed (to be discussed later), as they include ratios
of calculated quantities, a change in TRS-398 would again not be consistent with current
metrology standards. In addition, it is of importance to emphasize that (a) the common
standard uncertainties of about 0.1%, usually obtained in MC calculations, are only of the
statistical kind (type-A uncertainties), and (b) the uncertainty of Wair still is one of the largest
sources of uncertainty in ionization chamber dosimetry.
Using the same relative standard uncertainty estimate for Wair as in TRS-398, Muir
and Rogers (2010) stated a ‘systematic relative uncertainty’ of 0.85% (interpreted here to
be a type-B uncertainty) for their calculated kQ photon values, which is quite similar to
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Figure 4. Comparison of calculated beam quality correction factors, kQ , for a NE-2571 Farmertype chamber in megavoltage photon beams. (a) The solid line corresponds to the data in IAEA
TRS-398. The symbols correspond to the MC calculations described in the text; the dashed line is
a sigmoidal fit to the MC data. (b) Same as (a) but showing the standard uncertainty estimate of the
kQ values given in IAEA TRS-398 and in Muir and Rogers (2010); for clarity the data points are
omitted. The data sets agree within the overall uncertainty of each, which includes the uncertainty
of Wair .

the combined standard uncertainty estimate given in TRS-398, so that the two sets of data
overlap considerably (see figure 4(b)). A subsequent analysis by Muir et al (2011) lowered the
uncertainty for their MC calculated kQ values to 0.4% by considering the difference between
the EGSnrc calculated and their own experimental kQ values. These differences led to an
u(Wair ) estimate of 0.29%. The approach used by these authors is, however, not endorsed here
on the grounds of the differences between multiple experimental kQ values measured at other
laboratories, to be discussed below, and the generic descriptions of chamber geometries (i.e.
provided by manufacturers) commonly used in MC simulations.
A comparison with experimental data of the MC calculated values and those in TRS-398
is of importance in the present context. Figure 5 shows a compilation by Andreo (2000a) of
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Figure 5. Comparison of experimental and calculated beam quality correction factors, kQ , for a
NE-2571 Farmer-type chamber in megavoltage photon beams. The open dotted circles correspond
to measurements in standard laboratories world-wide, where the most recent values (filled symbols)
are based on water calorimetry; the solid line is a sigmoidal fit to the data weighted by the standard
uncertainties stated by the laboratories. The upper dashed–dotted line corresponds to the data in
IAEA TRS-398 and the lower dashed line to the MC calculations described in the text.

results obtained at primary standards laboratories, some of which were updated by Aalbers
et al (2008), that has been extended to include calorimetry determinations by Krauss and
Kapsch (2007) and McEwen (2010); these two sets have stated uncertainties considerably
lower than previous data. As above, sigmoidal fits have been included that in the case of
the experimental values is weighted with their stated uncertainties. It can be observed that
the experimental curve is positioned practically between the two sets of calculated values,
showing no preference for one set over the other. An additional conclusion from this figure
is that the scatter of the experimental data, influenced by differences in the various primary
standards but also due to chamber-to-chamber differences that include the influence of their
water-proof sleeves (as in figure 3 for 60 Co, except for the influence of build-up caps there),
shows the appropriateness of using values specifically measured for the user chamber in order
to maintain consistency through the entire dosimetry chain. Regarding the difference between
primary standards, it should be noted that a kQ value contains a ratio of a given primary
standard in the clinical beam of quality Q and in 60 Co, and therefore this contribution to the
variation of kQ shown in figure 5 is likely to be significantly smaller than the variation seen
for the primary standards themselves in 60 Co in the BIPM key comparison database (KCDB,
see http://kcdb.bipm.org/).
The differences in measured kQ values illustrated in figure 5, in addition to the remarks
made above regarding the fidelity with which commercial chamber geometries can be
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Figure 6. Comparison of the kQ calorimetry results of McEwen (2010) for cylindrical ionization
chambers in megavoltage photon beams of TPR20,10 = 0.8, with the MC values of Muir and
Rogers (2010), open dotted circles, and those in IAEA TRS-398 or calculated according to its
data and formulation, filled circles. The box encloses results for which the per cent differences
(kQ exp − kQ calc )/kQ exp are within ±0.5%. From left to right the chamber types are Exradin (A12,
A19, A12S, A18, A1SL, A14SL, A16), PTW (30010, 30012, 30013, 31010, 31016, 31014),
IBA (FC-65G, FC-65P, CC25, FC-23C, CC13, CC08, CC04, CC01), NE (2581, 2571, 2611) and
Capintec PR-06C. The arrows indicate chambers with a steel central electrode (Exradin A16 and
IBA CC01) for which no data is available in TRS-398.

simulated, explain why the approach of comparing MC calculated kQ values and a single
experimental data set to derive the uncertainty u(Wair ) is not endorsed in this work.
An additional comparison in terms of TPR20,10 between the Muir and Rogers values (using
their own fit) and McEwen’s experimental data has also been done for 25 ion chambers at
TPR20,10 = 0.8 (the highest energy in McEwen’s work) where the largest discrepancies due
to Wair , if any, should be expected. As shown in figure 6, the resulting relative differences
(kQ exp − kQ calc )/kQ exp range between −0.1% and +1.1%; these are larger than the deviations
given by Muir et al (2011) in terms of %dd(10)x , as it should be expected from the use
of TPR20,10 or %dd(10)x (see discussion on the beam quality specification of high-energy
photons in Andreo (2000b), Rogers (2000) and Andreo (2000c)). If Wair were to be the reason
for the discrepancy, the differences should be practically constant, which is not the case. This
leads to the conclusion that there is no evidence to assume that the difference between MC and
experimental data is due to Wair . Furthermore, it is of interest to note that for ten chambers out of
the 25 shown in figure 6, the difference between Muir and Rogers and McEwen’s data is larger
than ±0.5% (outside the box in the figure). The same comparison is shown for TRS-398, where
only six of these chambers were included in the Code of Practice but the software developed
for TRS-398 has been used to calculate kQ values for the additional chambers, excluding the
two with a steel central electrode as TRS-398 does not include data for this electrode type. In
this case, only six chambers out of the 23 shown in figure 6 are outside the ±0.5% limit. In
summary, this analysis does not show better agreement between Muir and Rogers values and
the experimental data of McEwen than between TRS-398 and McEwen’s data, irrespective of
how coincidental the agreement might be for TRS-398. Despite this controversial discussion,
it is acknowledged that the main merit of Muir and Rogers’s work has been to provide an
updated and comprehensive compilation of kQ values for chambers that did not exist at the time
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TRS-398 and TG-51 were developed, avoiding the crude approximations therein. These new
kQ data will however need to be re-evaluated in the light of the current dosimetry developments
that are discussed below.
To complicate the picture above even further, Wulff et al (2008a) have shown a dependence
of kQ for the NE-2571 chamber for megavoltage photons on the mean excitation energy of
graphite, the I-value entering into the stopping-power formula, which results in differences of
about 0.5% in kQ for I-values of 78 eV and 86.8 eV; the kQ values are higher for the higher
Igraphite . This dependence was subsequently considered a component of the type-B uncertainty
analysis of MC calculated kQ values (Wulff et al 2010, Muir and Rogers 2010). An analysis of
the potential impact of specific changes in I-values on the electronic mass stopping powers of
materials of interest in reference dosimetry, and on the relevant stopping-power ratios required
for the complete dosimetry chain, is therefore relevant.
5. Status of key data for reference dosimetry
5.1. The I-value of water
Despite the fact that liquid water is the most widely used ‘standard medium’ in radiation
dosimetry, it is still a substance subject to considerable debate from the perspective of energy
loss by all types of charged particles, basically described by the well-known Bethe’s stoppingpower formulae (cf ICRU Reports 37 and 49 (ICRU 1984, 1993). Recall that the mass electronic
stopping-power formula includes the logarithm of the mean excitation energy, the I-value,
closely related to the electronic structure of a substance through its optical oscillator-strength
(OOS) spectrum, d f (W )/dW (see e.g. Fano (1963) or Inokuti (1971)),
∞
ln W d f (W ) dW
ln Ei fi
≈ i
(9)
ln I = 0  ∞ d f (WdW
)
dW
i fi
0
dW
where the integrals extend over all possible ionization and excitation atomic energy levels
and d f (W )/dW is the number of electrons having energy W (i.e., oscillators with the same
harmonic frequency). In practice, the denominator is approximated by the atomic number Z
of the stopping medium, i.e. one associates a single oscillator to each atomic shell, fi = Zi ,
with binding energy Ei . Classical electrodynamics for dielectric media, on the other hand,
establishes a direct relationship between the OOS and the dielectric-response function (DRF)
of a material, the latter being deduced from optical models based on experimental data or on
semi-empirical approaches; the OOS can thus be determined practically from experimental
grounds and an I-value derived.
For heavy particles with charge z and relativistic velocity β, the Bethe–Fano mass
electronic stopping-power formula is often written as
Z z2
1
Sel = 4π re2 me c2 NA
L(β )
ρ
A β2

(10)

where re and me c2 are the electron classic radius and its rest mass, NA the Avogadro constant,
and Z and A the atomic number and mass of the absorbing medium. The factor L(β ), called
the stopping number, is given by a power series of z having the form
L(β ) = L0 (β ) + z L1 (β ) + z2 L2 (β )
where the first term is given by


2me c2 β 2
C(β ) δ(β )
− β2 −
L0 (β ) = ln
−
2
(1 − β )I
Z
2

(11)

(12)
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Figure 7. Contribution of the various corrections to the stopping number of protons in water, shown
as a percentage of the stopping number, L(β ), see equations (10)– (12). The contribution ordinate
exceeds 100% because some of the terms are negative. Data calculated with the BEST computer
code (acronym for BEthe STopping), Berger and Paul (1995).

in which C(β ) and δ(β ) are the shell and density effect corrections, respectively. The terms
z L1 (β ) and z2 L2 (β ) correspond to the Barkas and Bloch corrections, respectively, taking into
account the stopping-power dependence on the sign of the incident particle charge (Barkas) and
the departure from the Born approximation (both corrections). The approximate contribution
of the different terms to the stopping number as a function of the energy are shown in figure 7
for protons in water, illustrating the small size of the Barkas and Bloch corrections which are
significant at low energies only, but are always smaller than the shell correction.
At the time of the development of ICRU 37 (ICRU 1984) it was considered that the
uncertainty of Iwater did not play a substantial role in the stopping power of electrons at energies
of interest in dosimetry. This was a reasonable assumption considering the uncertainties in
radiation dosimetry achievable at that time. Today, however, the ICRU 37 assumption can
be considered a debatable issue in the light of the current level of estimated uncertainties
in the field, where stopping-power ratios for radiotherapy dosimetry are assumed to have an
estimated uncertainty of a few tenths of a per cent. In addition, in the case of protons and
heavier charged particles it has been shown that the value of Iwater is critical for the position
of the Bragg peak (Andreo 2009), and that its uncertainty and that of the I-value for human
tissues jeopardizes the spatial accuracy of clinical dose delivery in radiotherapy with heavy
charged particles (Andreo 2009, Besemer et al 2013).
Since the comprehensive analysis of I-values in ICRU 37 a substantial number of
investigations have produced various estimates of Iwater using either DRFs based on photon
experimental data at low energies or stopping power and range measurements of protons and
heavier charged particles at high energies, where the conditions for Bethe’s theory are valid and
the influence of the corrections in the stopping power expression small, as shown in figure 7.
The Iwater values so obtained are influenced by the intrinsic approximations made in each
optical model or experimental approach, yielding a range of values that differ considerably.
Furthermore, most of the determinations lack uncertainty estimations, and when they exist
they are usually not consistent with current recommendations for the statement of uncertainties
(e.g. JCGM 2008). This diversity of Iwater values has triggered investigations on their effect on
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stopping-power ratios for dosimetry but, interestingly, research has practically been focused
on carbon ions (e.g. Geithner et al 2006, Henkner et al 2009). No attempt has yet been made
for a proposal towards a harmonized value of the mean excitation energy of liquid water taking
into account the considerable amount of data available.
ICRU 37 recommended an Iwater value of 75 eV with an estimated uncertainty ‘smaller
than or equal to 5%’. As described by Berger and Paul (1995), this value was obtained from the
analysis of only four sets of values, two from DRFs by Ritchie et al (1978) and Ashley (1982)
and two from stopping-power and range measurements in protons and pions by Thompson
(1952) and Nordin and Henkelman (1979), respectively. In a ‘post-concluded’ report footnote,
ICRU 49 referred to a new experimental determination by Bichsel and Hiraoka (1992) in
70 MeV protons leading to a value of 79.7 ± 0.5 eV, ‘larger than the recommended 75 ±
3 eV but still lying within the limits of error quoted in ICRU 37’. This value was confirmed
by Bichsel et al (2000) in experiments with carbon ions, obtaining 80 ± 1.3 eV, although a
large number of approximations were made in the experimental determination.
In an analysis by Paul et al (2007) a value implicitly recommended in ICRU Report 73
(ICRU 2005) of 67.2 eV was questioned, and based on the DRF-based value calculated
by Dingfelder et al (1998) of 81.8 eV and that measured by Bichsel and Hiraoka, the
authors suggested a value of 80.8±2 eV, just within the 95% uncertainty limits quoted by
ICRU 37. Shortly after, Paul (2007) referred to a previously published indirect experimental
determination by Sihver et al (1998), obtained in the comparison of an analytical model
with experimental depth-ionization curves of 195 and 270 MeV carbon ions, concluding that
‘the value of 75 eV from ICRU 49 agrees best with Sihver’s experimental value’. The same
set of experimental data with carbon ions was used by Krämer et al (2000) to benchmark
the physical model used for radiotherapy treatment planning at the GSI centre in Darmstad,
Germany, stating that a value of 77 eV was required in their case to reproduce measured Braggpeak positions. The implicit low value of 67.2 eV in the stopping-power data of ICRU-73 was
subsequently corrected by ICRU (2009) and a tentative value of 78 eV recommended, which
was based solely on ion measurements by Schardt et al (2008), described in a GSI Scientific
Report.
From the perspective of electrodynamics of dielectric media, a study by Emfietzoglou
et al (2009) has suggested an Iwater value of 77.8 eV based on a DRF deduced from the most
recent x-ray spectroscopy data for liquid water (Hayashi et al 2000); from an analysis of the
DRF properties, these authors also provided a semi-quantitative uncertainty margin of ±1 eV.
This significant study included a thorough compilation of previously published values, mostly
derived using analogous numerically-based approaches, some of which relied on different
experimental reflectance and spectroscopy data (the so-called REF and IXSS data sets, see
table 2). These Iwater values varied between the 72.5 eV of Tan et al (2004) and the 82.4 eV of
Emfietzoglou et al (2005).
A compilation by Burns and Andreo (2012) of experimental data and DRF-based values,
used for work commissioned for an ICRU Task Group, is given in table 2; the values have been
selected from a broad search and analysis of published data, already initiated in Vatnitskiy
et al (2011). The selection excludes certain Iwater values where important corrections have not
been taken into account, for instance multiple scattering corrections in low-energy electron
measurements or corrections in the stopping powers of heavy charged particles at low energies
(see figure 7), or significant details for the derivation of Iwater not given.
Whereas it is usual that experimental determinations include an uncertainty estimate, this
is, however, not a straightforward task in DRF-based studies where a large number of steps and
numerical procedures are involved. Burns and Andreo made an uncertainty estimate for the
DRF-based data using the results of a set of publications by Emfietzoglou and collaborators
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Table 2. Compilation of experimental (measured energy-range distributions) and DRF-based published values of the mean excitation energy of liquid water used in the present analysis,
yielding Iwater = 78 ± 2 eV.

Reference

Iwater
(eV)

Thompson (1952)
Nordin and Henkelman (1979)
Bichsel and Hiraoka (1992)
Krämer et al (2000) and Sihver et al (1998)
Bichsel et al (2000)
Kumazaki et al (2007)
Schardt et al (2008)
Ritchie et al (1978)
Ashley (1982)
LaVerne and Mozumder (1986)
Dingfelder et al (1998)
Akkerman and Akkerman (1999)
Tan et al (2004)
Emfietzoglou (2003)
Emfietzoglou and Nikjoo (2005)
Emfietzoglou and Nikjoo (2005)
Emfietzoglou et al (2005)
Emfietzoglou et al (2009)
Garcia-Molina et al (2009)

75.4
74.6
79.7
77.0
80.0
78.4
78.0
75.0
75.4
74.9
81.8
74.0
72.5
80.9
85.4
80.7
82.4
77.8
79.4

Stated
std unc
(eV)

Adopteda
std unc
(eV)

Method

Comments

1.0b
1.4b
0.3
2.0c
0.7
0.8
1.0

2.0
2.3
1.8
2.7
1.9
2.0
2.1
4.2
.
.
.
.
.
.
.
.
.
.
4.2

Experimental
Experimental
Experimental
Experimental
Experimental
Experimental
Experimental
DRF
DRF
DRF
DRF
DRF
DRF
DRF
DRF
DRF
DRF
DRF
DRF

340 and 200 MeV protons, based on ICu =322 eV
60 MeV pions
70 MeV protons, based on IAl = 166 eV
195 MeV and 270 MeV carbon ions
290 MeV carbon ions
150 MeV, 190 MeV and 230 MeV protons
Ions (1 H,3 He,7 Li,12 C,16 O) up to 400 MeV
REF optical datad
Semi-empirical model
Semi-empirical model
Semi-empirical model
Semi-empirical model
Semi-empirical model
REF optical datad
REF optical datad
IXSS optical datae
IXSS optical datae
IXSS optical datae
IXSS optical datae

1.0

P Andreo et al

a The adopted standard uncertainties for the experimental values are chosen to give a Birge ratio of unity for this data set. The standard uncertainty of 4.2 eV for the mean of the DRF
values is derived as described in the text.
b Uncertainties quoted by Berger and Paul (1995) as used in ICRU 37 (ICRU 1984).
c This value is taken as the standard deviation of the experimental data set and is consistent with the authors’ statement of a Bragg-peak shift of 5 mm for a 2 eV change in I
water .
d Reflectance measurements by Heller et al (1974).
e Inelastic x-ray scattering spectroscopy by Hayashi et al (2000).
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Figure 8. Weighted average value of the mean excitation energy of liquid water, Iwater , dashed
line, derived from the experimental (filled circles) and DRF-based (open dotted circles) published
values given in table 2. The stated experimental uncertainties (short uncertainty bars) have been
adjusted to yield a Birge ratio of one (larger bars). Identical uncertainties are assumed for all the
DRF-based values, obtained from the analysis of data sets by Emfietzoglou and collaborators based
on different optical models and data.

(see table 2) based on different physical models and optical data that can be considered
representative of the entire set of DRF values. The different models introduced a standard
uncertainty of 2.5 eV and the optical data 3.3 eV. In summary, this analysis resulted in the
mean DRF-based value for Iwater of 78.4 eV with a standard uncertainty of 4.2 eV (which is
very close to the standard deviation of the DRF-based data set).
For the experimental values, Burns and Andreo used a weighted statistical analysis,
based on the Mandel–Paule iterative method (Mandel and Paule 1970) in which the stated
experimental uncertainties were increased to estimates that result in a Birge ratio equal to 1
(Birge 1932); the required increase was 1.8 eV (added in quadrature). The result of this analysis
is the mean experimental value 77.8 eV with standard uncertainty 2.0 eV. The experimental
result is then combined with that of the theoretical data, yielding the final rounded value Iwater =
78 eV with a standard uncertainty of 2 eV, see figure 8. This value happens to be in good
agreement with the ICRU (2009) tentative value, which, as already mentioned, does not take
into account DRF-based determined values.
It is of interest to mention the use of the Birge test to assess the differences between two or
more measured values of the same measurand, as used for example for some of the CODATA
recommended values of fundamental physical constants (Mohr et al 2012). The test compares
the so-called internal and external variances, where the former corresponds to a prediction
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based on the usual laws of propagation of uncertainty (see e.g. JCGM 2008) while the latter
describes the outcome in terms of fluctuations around the weighted mean value. The Birge
ratio is obtained as
R2Birge

σ2
= ext
=
2
σint

n
2
i=1 wi (xi −x̄w )
(n−1) ni=1 wi
1
n
i=1 wi

n

=
i=1

wi (xi − x̄w )2
n−1

(13)

where wi = 1/σi2 and x̄w = i wi xi / i wi is the weighted mean of the measured values.
If the Birge ratio is significantly larger than unity, i.e. the outcome is more scattered than
the prediction, then it is likely that at least some of the variances σi are underestimated,
and the converse can also be inferred. In some treatments, modified weights are assigned to
force the Birge ratio to be unity (see e.g. Mandel and Paule 1970).

5.2. The I-value for graphite
Ionometric primary standards based on graphite-walled cavity ionization chambers (cf
Büermann and Burns 2009) require the value for Wair and the stopping-power ratio sgraphite-air .
These quantities are also of importance in different steps of reference radiotherapy dosimetry
based on air-kerma and absorbed dose to water calibration coefficients, and consistency
requires that the values be identical throughout the entire dosimetry process. The values
in current use are based on Wair = 33.97 eV and Igraphite = 78.0 eV for the measured (bulk)
graphite density (ICRU 1984).
A recent analysis has been made by Burns (2012) of results obtained in over forty
experiments that have determined either Wair , Igraphite , or the product Wair sgraphite-air for 60 Co
γ -rays. This work updates a previous analysis of Burns (2009) by including additional data
and making robust and self-consistent estimates of the required key quantities. The results of
this process were the values Wair = 33.97 ± 0.11eV, identical to that currently recommended
but with a higher uncertainty, sgraphite−air = 0.9926 with relative standard uncertainty 0.32%,
and the product Wair sgraphite−air = 33.72eV with standard uncertainty 0.08%. The resulting
value for Igraphite depends on the treatment of the density effect in graphite, the best estimate
being the value of 81.1 ± 2.0 eV obtained when using the grain density (ρ = 2.265 g cm−3 )
in the evaluation of the graphite stopping power.
It should be understood that this use of the pair of values Igraphite = 81.1 eV and
ρ = 2.265 g cm−3 applies only to the evaluation of the graphite stopping-power data, and
that for example the simulation of graphite bodies for MC calculations must clearly be based
on the measured bulk density of that body.

6. Potential impact of new I-values on reference dosimetry
With regard to water, the most significant impact of the 4% increase in Iwater would be a decrease
in the water-to-air stopping-power ratio, which for all types of megavoltage radiotherapy beams
is calculated to be between approximately 0.3% and 0.6%. Figure 9 shows the ratio of sw−air
resulting from the newly proposed Iwater value (78 eV) and from the ICRU 37 value (75 eV), for
photons and electron beams at reference depths. It is observed that the decrease is practically
constant for electron beams of different qualities (R50 ), being about 0.3%, while it varies from
0.6% for 60 Co to 0.3% for the highest photon beam quality (TPR20,10 = 0.8). The calculations
of sw−air were made with the EGSnrc user code SPRRZnrc (Rogers et al 2011) using 10
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Figure 9. Influence of an increase in the Iwater value on the water-to-air stopping-power ratio for
megavoltage photons (a) and electrons (b). The difference between using Iwater = 75 eV (ICRU 37
and ICRU 49) and Iwater = 78 eV (this work) varies between −0.6% for 60 Co and −0.3 to −0.4%
for high-energy photons and electrons. Data computed using the EGSnrc code SPRRZnrc (Rogers
et al 2011). The input photon spectra were from Mora et al (1999) for 60 Co, and from Mohan et al
(1985) and Sheikh-Bagheri and Rogers (2002), filled circles and open dotted circles, respectively,
for megavoltage beams. The electron spectra were from Ding and Rogers (1995) for two different
linacs, indicated by filled circles and open dotted circles, respectively.

clinical electron beam spectra taken from Ding and Rogers (1995) and 14 photon spectra from
the classic set of Mohan et al (1985) and from Sheikh-Bagheri and Rogers (2002); the 60 Co
spectrum was taken from Mora et al (1999). For the restricted stopping-power data used in
the MC calculations, density effect corrections consistent with Iwater = 78 eV were obtained
using version 2 of the STAR package as distributed by the IAEA (Berger 1993).
For protons and carbon ions, figure 10 illustrates the depth variation of sw-air for the
two Iwater values in two mono-energetic beams, showing in both cases a practically constant
difference of about 0.4% to 0.5% at the plateau and at the distal edge of the Bragg peak,
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Figure 10. Influence of an increase in the Iwater value on the water-to-air stopping-power ratios for
protons (200 MeV/u) and carbon ions (250 MeV/u). The difference between using Iwater = 75 eV
(ICRU 37 and ICRU 49, solid lines), and Iwater = 78 eV (this work, dashed lines) is approximately
0.4%. Data computed using the SHIELD-HIT MC code, v10 (Sobolevsky 2011).

where an abrupt increase in sw-air occurs (Medin and Andreo 1997, Gomá et al 2013). In this
case, the MC calculations were made with the SHIELD-HIT v10 code (Sobolevsky 2011; see
Gudowska et al (2004) for a description of the code) in conjunction with stopping powers
obtained with STAR v2 for protons, and a renormalization of the ICRU 73 values using the
BEST computer code for carbon ions.
The influence of the increased Iwater on calculated ion chamber perturbation factors is, on
the other hand, well below the differences above, becoming practically negligible. It is clear
then that when reference dosimetry is based on ratios of sw−air values at two beam qualities, the
changes mentioned have a minor effect (up to 0.3%) for most particle types, as is the case in
determinations based on absorbed dose to water standards, through kQ values; a more detailed
global analysis is presented below. When reference dosimetry is based on air-kerma standards
and sw−air does not appear in a ratio, the estimated decrease in stopping-power ratios applies
fully, bringing us back to the 60 Co issue where the decrease in sw-air would be of 0.6%.
More significant implications can be inferred in the case of Igraphite , where the recent
analysis of Burns (2012) raises its value from 78 to 81 eV. New graphite stopping powers
would enter into pch,Q calculations yielding changes of the order of a few tenths of a per cent.
Of larger significance, however, is that a new Igraphite could affect all the air-kerma standards
for 60 Co, including the BIPM standard, reducing it by an estimated 0.7% and therefore
decreasing the calibration coefficients NK,air,Co60 and ND,air,Co60 by the same amount. As the
BIPM standard for absorbed dose to water is not expected to be modified due to the reasons
noted in the earlier discussion on 60 Co key data status, this decrease in air-kerma calibration
coefficients would approximately cancel the 0.54% increase of 2007 and return to a situation
similar to that before 2007. Consequently, the Fch,Co60 value given in IAEA TRS-398 would
have to be modified, requiring an increase of the order of 0.7%–0.8% in order to agree with
the new experimental value. On the other hand, this would be the most favourable situation
for the MC Fch,Q calculations, which using the new stopping powers would agree at the level
of about 0.1% with the experimental value of Fch,Co60 .
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Table 3. Potential changes in dosimetric quantities at the reference quality of 60 Co γ -rays for NE2571 ionization chambers due to the adoption of new mean excitation energies, Iwater = 78 eV and
Igraphite = 81 eV. The experimental references ND,w /ND,air = Fch,Co60 are the estimated updates
of the current average ratio of calibration coefficients from the IAEA Dosimetry Laboratory in
table 1, traceable to the BIPM and to the world average of standards. The calibration coefficients
are given in mGy/nC. The scenario for the future includes new stopping powers and assumes a
0.7% decrease in the Kair standards.

ND,w,Co60 (IAEA)
NK,air,Co60 (IAEA)
ND,w /NK
km katt kcel b
1 − ḡair
ND,air
ND,w /ND,air = Fch,Co60
Fch,Co60 = sw−air pch
sw−air ( = 10keV)
pch (from above)
Dw (ND,w )/Dw (NK )
a
b

Future
(rel to BIPM)

Future
(rel to world)

45.28
41.20
1.099
0.992
0.997
40.75
1.111

45.16
41.25
1.095

1.111
1.127
0.986
1.008

TRS-398a

Monte Carlo
futureb

Monte Carlo
future/present

1.098
0.992

1.000
1.004

1.110
1.127
0.984

0.996
0.994
1.002

40.81
1.107
1.107
0.982
1.004

1.102
1.133
0.972

From table 37 in IAEA TRS-398 (Andreo et al 2000).
This work, based on new electronic stopping powers.

The availability of the BIPM key comparison database (KCDB, see http://kcdb.bipm.org/)
enables the present analysis to be referred to worldwide standards rather than restricting it
to the BIPM standards. The KCDB provides the results of comparisons of national primary
standards with the BIPM standards. By taking the mean value of these results, ratios of the
‘world-to-BIPM’ Kair and Dw standards of 1.0014 and 0.9975, respectively, are obtained. These
can be used to arrive at conclusions de-coupled from the BIPM and linked to world averages
of NK,air,Co60 and ND,w,Co60 , independent of a particular laboratory. This process would yield a
value of Fch,Co60 differing from TRS-398 by about 0.4% and still agreeing with the new MC
value within 0.3%.
The estimated changes for a NE-2571 chamber are summarized in table 3, where all the
quantities have been updated according to electronic stopping powers using the new I-values,
including the EGSnrc MC calculations; electronic stopping-power data were obtained as in
the case of water described above. It is worth noting that the product of chamber corrections
km katt kcel remains practically unchanged in these new calculations, so that the difference
in ND,air,Co60 is solely due to the change in NK,air,Co60 . The estimates are given separately
for calibrations traceable to the BIPM and to world averages. The current values in TRS398 for Fch,Co60 etc are included for comparison. The rightmost column gives the predicted
modifications in our MC calculated values following a potential update of I-values in the
form of the ratio future/current; note that the quantities shown become modified whenever
they do not involve ratios of similar MC quantity estimates, as is the case with ND,w and NK .
For the other quantities one can see that the controversial pch,Co60 values discussed earlier
are confirmed only because there is a balance with the change in sw−air,Co60 , as Fch,Co60 must
remain constant. It can be observed that the new MC values change at most by about half a
per cent with respect to the calculations based on the currently recommend I-values used in
table 1.
Comparing this future scenario for 60 Co experimental data with the current TRS-398
values and the new MC calculations following the adoption of new mean excitation energies,
the status would be
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(a) the value of Fch,Co60 in TRS-398 (1.102) would differ approximately by −0.8% from the
experimental value based on the BIPM standards (1.111) or by −0.4% if based on the
average of world standards (1.107),
(b) the new MC calculated Fch,Co60 (1.110) would differ approximately by −0.1% from the
BIPM-based experimental value or by +0.3% from the world-based value,
(c) the absorbed doses determined with ND,w and NK using the expressions and data in TRS398, shown in the table as the ratio Dw ND,w /NK , would differ approximately by −0.8%
and −0.4% for the BIPM or world-based values, respectively.
(d) The MC calculated ratio of calibration coefficients, ND,w /NK = 1.098, would differ by
−0.1% from the experimental value based on the BIPM standards (1.099) or by +0.3%
if based on the average of world standards (1.095).
Compared with table 1 the differences for TRS-398 and for the MC data with respect to
the BIPM standards would become practically reversed. Compared with the world average of
standards the two data sets would lie within an interval between −0.4% and +0.3%.
As already mentioned, beam quality factors for megavoltage beams are not expected to
change due to the use of ratios of the quantities discussed above. This has been verified for
the NE-2571 chamber and the photon beam qualities used in figure 9(a), calculating by MC
simulation the factor Fch,Q directly as the ratio Dw,Q /Dair-ch,Q , and determining kQ according
to equation (6). The decrease obtained for the various Fch,Q varies between 0.2% and 0.5%,
differences that include the potential changes both in sw−air and pch,Q . The differences in
kQ values are in all cases smaller than 0.2%, confirming the expected trend. It needs to be
emphasized, however, that the constancy in the MC calculated kQ values does not solve the
situation discussed earlier in relation to their comparison with experimental values and the
preference for beam quality factors specifically measured for the user chamber.
6.1. The special case of proton reference dosimetry
The analysis of proton reference dosimetry presents an additional challenge because, in
addition to the Fch,Q and Fch,Co60 factors already discussed, the mean energy required to
produce an ion pair in dry air in proton beams, Wair,Q , needs to be taken into account. This
quantity has, prior to the publication of IAEA TRS-398 and ICRU Reports 59 and 78 (ICRU
1998, 2007), most often been determined by comparing ionization chamber dosimetry using
the NK −ND,air formalism with calorimetry measurements according to (see equation (3)):
Dcalor
w,Q (zref )

Wair,Co60
.
(14)
Mw,Q (zref )ND,air,Co60 Fch,Q
If the relative changes of the factors on the right-hand side are small, the change in Wair,Q
can be expressed as:
Wair,Q =

(Wair,Q ) ≈ (Wair,Co60 ) − (ND,air,Co60 ) − (Fch,Q ).

(15)

A change in Fch,Q would solely be based on that of sw-air for protons (−0.4%), given that
MC studies have indicated that the chamber perturbation correction factor for the NE-2571 in
proton beams is close to unity (Palmans et al 2001, Verhaegen and Palmans 2001, Palmans
2011). Thus, the value of Wair,Q would solely be affected by the changes in ND,air,Co60 (0.7%)
and Fch,Q , as Wair,Co60 remains constant (Burns 2012). Note, however, that all the determinations
of the Wair,Q value for protons according to equation (14) had been made prior to the change
of the BIPM air-kerma standard in 2007 (and prior to comparable changes to other primary
air-kerma standards around the same time), hence the net change from those determinations
amounts to +0.2%. The estimated changes in the different components would then yield an
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Table 4. Potential changes in Wair,Q and in the calculated values of kQ for radiotherapy proton
and heavier ion beams due to the adoption of new mean excitation energies, Iwater = 78 eV and
Igraphite = 81 eV, as well as other changes in air-kerma standards. The changes are determined
from those estimated for the quantities Fch and Wair for the qualities 60 Co and Q.

Quantity
Wair,Co60
ND,air,Co60
ND,w,Co60
Fch,Co60
Fch,Q
Wair,Q
calc
kQ,Co60

Estimated
change (%)
0
−0.2
0
+0.2
−0.4
+0.6
0

Comment
See Burns (2012)
Due to change in NK,air,Co60 from pre-2007 value
Experimental ratio (ND,w /ND,air )Co60
Due to change in sw−air,Q , assumes no change in pch,Q
Equations (14) and (16) yielding 34.44 eV
Equation (6)

overall increase in Wair,Q of about 0.6%, i.e. from the current 34.23 to 34.44 eV. A small
number of publications on the determination of Wair,Q prior to the publication of TRS-398, as
well as all the papers on this topic during the last seven years, have been based on comparisons
of ionization chamber dosimetry using the ND,w formalism and calorimetry. Note that because
the arguments provided on the NK −ND,air formalism are based on the ratio of experimental
coefficients in 60 Co, the change in Wair,Q determined via the ND,w,Co60 route would be entirely
consistent with this estimated increase, as
Dcalor
Wair,Co60 Fch,Co60
w,Q (zref )
(16)
Wair,Q =
Mw,Q (zref )ND,w,Co60
Fch,Q
thus confirming the estimate of Wair,Q = 34.44 eV. If the relative changes of the different
factors on the right-hand side are small, the change in Wair,Q can be expressed as:
(Wair,Q ) ≈ (Wair,Co60 ) + (Fch,Co60 ) − (Fch,Q )

(17)

i.e., no change in the value of ND,w,Co60 is accounted for since the absorbed dose to water
standard of the BIPM has been unaltered.
The combination of changes mentioned in these possible scenarios would not affect current
TRS-398 calculated kQ values for the NE-2571 chamber in radiotherapy proton beams. Indeed,
the calorimetric determinations of Wair,Q are essentially measurements of kQ and if consistency
is maintained in the data used for deriving Wair,Q and in the subsequent re-calculation of
kQ , the latter would remain unaffected; this is reflected in the cancellation of the various
changes shown in table 4. The cancellation confirms the need for maintaining consistency in
an analysis that unavoidably must include the data in the complete dosimetry chain. These
arguments and estimates would also be applicable to calorimetrically determined Wair,Q values
for ions heavier than protons, unless specific new values of Wair,Q for these particles, different
from those in TRS-398, would become available. It is also worth noting that although the
discussion above has been focused on the BIPM standards, the final estimates for Wair,Q and
kQ would be identical using the world average of standards.
To conclude, it needs to be recalled that the current Wair,Q value for protons originates
from the re-evaluation by Medin et al (2000) of a compilation in ICRU Report 59 (ICRU
1998), in which several dosimetry inconsistencies were found. This set of data was updated
and statistically analysed in TRS-398, leading to the recommended current value (34.23 eV).
As reviewed in Palmans (2012), a subsequent update and analysis by Jones (2006) suggested
using only calorimetric data, obtaining for this specific data set a Wair,Q value consistent with
that in TRS-398, which is now endorsed by the ICRU 78 (ICRU 2007). Although our predicted
increase over the currently recommended value of Wair,Q for protons would be independent of
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the ionometric standard and formalism used, NK −ND,air or ND,w,Co60 , our work suggests that
there could be a need for revising the current recommendation. An examination of the various
compilations and analysis deriving a Wair,Q value shows that the issue of data consistency has
not been fully addressed. For example in the most recent analysis, by Jones (2006), the data had
mostly been corrected for the difference in stopping-power ratios water-to-air (those by Medin
and Andreo (1997) versus Janni (1982) or ICRU (1993)) but differences in other basic data
included in the dosimetry protocols used, especially AAPM Report 16 (Lyman et al 1986),
the first ECHED (Vynckier et al 1991) or more recent protocols, had been ignored. Also, the
values of Fch,Co60 used in the derivation of Wair,Q from a comparison of ionization chamber
dosimetry using the ND,w formalism and calorimetry, may not be consistent with experimental
values across all chamber types (at least ten different chamber types have been involved in
the evaluations leading to the data compiled by Jones). Thus, even if Allisy-Roberts et al
(2009) have shown that standards worldwide are in excellent agreement (see also the BIPM
key comparison database (KCDB); the standard deviation of the results for Kair worldwide is
0.2%) and it is likely that any change in the BIPM Kair standard will also be implemented in
other national standards, the lack of data consistency in various steps of the dosimetry chain
used to derive Wair,Q advises a future revision as suggested above.
7. Summary and conclusions
Triggered by the substantial changes in ionization chamber perturbation correction factors for
Co γ -rays suggested by recent MC calculations, which would cause a decrease of about 1.5%
in the reference dosimetry of all types of charged particles (electrons, protons and heavier ions)
based on calculated kQ values, a detailed analysis of the data used throughout the complete
dosimetry chain has been conducted.
Taking into account that the ratio of ionization chamber calibration coefficients in
60
Co in terms of absorbed dose to water and air-kerma, ND,w,Co60 and NK,air,Co60 , yields
an experimental value of Fch,Co60 = (sw−air pch )Co60 through the ND,air,Co60 coefficient, data
provided by the IAEA Dosimetry Laboratory for a large set of NE-2571 chambers have been
used as experimental reference. These calibrations are traceable to current BIPM Kair and
Dw standards in use since 2007. The average experimental Fch,Co60 value has been compared
with that using the MC calculations mentioned above, with the results from new simulations
carried out for the present work, and with the value included in IAEA TRS-398. It has been
shown that TRS-398 data agrees at the level of 0.12% with the experimental reference value,
superseding the approximate 1% difference quoted in the protocol, specifically 0.7% for the
NE-2571 chamber. The use of new pch,Co60 resulting from recent MC calculations, yielding
a 1.5% difference in reference dosimetry, cannot be justified without revising at the same
time changes in fundamental data and standards if consistency in the entire dosimetry chain
is sought. New MC calculations carried out for this work decrease the difference in pch,Co60
with TRS-398 from 1.5% to 1.1%, but still the difference with the experimentally determined
Fch,Co60 is 1%.
For megavoltage photons, MC calculated beam quality factors kQ for the NE-2571
chamber have been compared to those in TRS-398. When the same uncertainty is considered
in both cases for the mean energy required to produce an ion pair in dry air, Wair,Q , the
two sets of data overlap considerably. They have been compared with kQ measurements at
standards laboratories, whose results lie practically between the two sets of calculated values,
showing no preference for one set over the other. The observed differences in kQ experimental
values, which are due to differences in primary standards but also to chamber-to-chamber
differences including the effect of their waterproof sleeves (also seen for 60 Co), show the
60
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adequacy of using kQ values specifically measured for the user chamber, as recommended in
TRS-398.
Current developments on the mean excitation energies for the mass electronic stopping
powers of water and graphite have been presented, proposing a weighted average value of
Iwater = 78 ± 2.0 eV, which is based on published experimental values and values determined
using DRFs. Adopting this increase in Iwater over the current recommended value (75 eV) would
decrease the water-to-air stopping-power ratio for all types of megavoltage radiotherapy beams
between 0.3% and 0.6% approximately. The implications of a recently suggested new value for
Igraphite , raising it from 78 to 81 eV, have also been analyzed, and as a result of the corresponding
potential change in the 60 Co BIPM standard for Kair of 0.7%, the NK,air,Co60 and ND,air,Co60 of
users chambers would decrease by the same amount.
The impact of adopting these new mean excitation energies would be to raise the
experimental Fch,Co60 , which for the NE-2571 chamber and referring to BIPM standards
would require an increase of about 0.8% with respect to the current TRS-398 value. MC
Fch,Q calculations using the new stopping powers would, on the other hand, agree at a level
of 0.1% with the 60 Co experimental value of Fch,Co60 , confirming the need for consistency in
the dosimetry chain data. Should world average standards be used as reference, the figures
would become +0.4% for TRS-398 and −0.3% for the MC calculation. Megavoltage photons
kQ values have been calculated with this Fch,Co60 and the new stopping-power data used to
determine Fch,Q at other beam qualities. Although the latter decrease by amounts of between
0.2% and 0.5%, when they enter as a ratios in kQ the differences with previous kQ calculated
values are in all cases smaller than 0.2%. This constancy in the MC calculated kQ values does
not resolve, however, the observed differences between calculated and measured kQ values
and the preference remains for beam quality factors specifically measured for user chambers.
In the case of proton beams the largest consequence of the changes mentioned would be
the need for increasing Wair,Q by about 0.6%, as this quantity is derived from the combination
of calorimetric and ionometric measurements. The combination of the changes mentioned
in this possible scenario would result in no change for the current TRS-398 calculated kQ
(NE-2571) for radiotherapy proton beams. The same conclusion applies for ions heavier than
protons. Also in these advanced radiotherapy modalities, the need for maintaining consistency
in an analysis that unavoidably must include the complete dosimetry chain is demonstrated.
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Geithner O, Andreo P, Sobolevsky N, Hartmann G and Jäkel O 2006 Calculation of stopping power ratios for carbon
ion dosimetry Phys. Med. Biol. 51 2279–92
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Paul H, Geithner O and Jäkel O 2007 The influence of stopping powers upon dosimetry for radiation therapy with
energetic ions Adv. Quantum Chem. 52 289–306
Press W H, Teukolsky S A, Vetterling W T and Flannery B P 2007 Numerical Recipes: The Art of Scientific Computing
3rd edn (New York, NY: Cambridge University Press)
Ritchie R H, Hamm R N, Turner J E and Wright H A 1978 The interaction of swift electrons with liquid water Proc.
6th Symp. on Microdosimetry (Luxemburg: Harwood Academic) pp 345–54
Rogers D W O 2000 Comment on ‘On the beam quality specification of high-energy photons for radiotherapy
dosimetry’ Med. Phys. 27 441–4
Rogers D W O, Kawrakow I, Seuntjens J P, Walters B R B and Mainegra-Hing E 2011 NRC user codes for EGSnrc
NRCC Report PIRS-702 (rev C) (Ottawa: National Research Council Canada)
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Does Iterative Reconstruction Lower CT Radiation Dose:
Evaluation of 15,000 Examinations
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Abstract
Purpose: Evaluation of 15,000 computed tomography (CT) examinations to investigate if iterative reconstruction (IR)
reduces sustainably radiation exposure.
Method and Materials: Information from 15,000 CT examinations was collected, including all aspects of the exams
such as scan parameter, patient information, and reconstruction instructions. The examinations were acquired
between January 2010 and December 2012, while after 15 months a first generation IR algorithm was installed. To
collect the necessary information from PACS, RIS, MPPS and structured reports a Dose Monitoring System was
developed. To harvest all possible information an optical character recognition system was integrated, for example to
collect information from the screenshot CT-dose report. The tool transfers all data to a database for further
processing such as the calculation of effective dose and organ doses. To evaluate if IR provides a sustainable dose
reduction, the effective dose values were statistically analyzed with respect to protocol type, diagnostic indication,
and patient population.
Results: IR has the potential to reduce radiation dose significantly. Before clinical introduction of IR the average
effective dose was 10.1±7.8mSv and with IR 8.9±7.1mSv (p*=0.01). Especially in CTA, with the possibility to use kV
reduction protocols, such as in aortic CTAs (before IR: average14.2±7.8mSv; median11.4mSv /with
IR:average9.9±7.4mSv; median7.4mSv), or pulmonary CTAs (before IR: average9.7±6.2mSV; median7.7mSv /with
IR: average6.4±4.7mSv; median4.8mSv) the dose reduction effect is significant(p*=0.01). On the contrary for
unenhanced low-dose scans of the cranial (for example sinuses) the reduction is not significant (before
IR:average6.6±5.8mSv; median3.9mSv/with IR:average6.0±3.1mSV; median3.2mSv).
Conclusion: The dose aspect remains a priority in CT research. Iterative reconstruction algorithms reduce
sustainably and significantly radiation dose in the clinical routine. Our results illustrate that not only in studies with a
limited number of patients but also in the clinical routine, IRs provide long-term dose saving.
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Introduction

more advanced, claim superiority by additionally modeling the
system geometry and the system physics more accurately.
Independent of the availability of the algorithmic details of
those methods, the promised dose reductions from IRs are of
high interest, since CT remains by far the most important
source of medical radiation exposure [7].
Several investigators have presented phantom as well as
clinical studies for evaluation of different IR algorithms with
respect of dose reduction, image quality, and diagnostic
confidence [8-16]. Especially in clinical evaluations, with
number of patients enrolled in a study ranging from ten up to

During the last years, Iterative Reconstruction (IR) algorithms
for diagnostic Computed Tomography (CT) have found great
popularity in the clinical community due to their dose reduction
potentials. Each of the CT vendors has introduced their own
flavor of such reconstruction methods [1-6]. For each of these
methods it is claimed that the image noise can be significantly
reduced, which, in turn, consequently allows for reduction of
radiation exposure. Some techniques claim to consider the
individual noise in each detector channels; others, which are
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several 100, it has been shown that dose reductions depending
on the clinical indication and protocol are achievable [8-16].
The image quality / impression of the newly discovered
techniques did not directly receive highest acceptance by
clinicians. Even with the illustrated possible dose reductions,
this poses the risk that over time, during the clinical routine, the
protocols are transformed back to the previous image
impression and thus to higher dose levels.
In this study we monitored the effective dose of 15,000 CT
examinations before and after introduction of a first generation
IR algorithm. To evaluate if IR provides a sustainable dose
reduction, the effective dose values were statistically analyzed
with respect to protocol type, diagnostic indication, and patient
population.

transferred to a database (MySQL, Oracle, Redwood Shores,
CA, United States) for presentation and further evaluation, e.g.,
for calculations of effective as well as organ doses. Since the
implementation of your PACS-System in 2004, HIS/RIS-data
and PACS-data are available in the database.

Data Analysis
For data-analysis and calculation of dose values a dataanalyzing software (QlikView, Qliktech, Radnor, PA, United
States) was used. For estimation of effective dose values the
dose length product (DLP), calculated from the CTDIvol times
the scan length, is multiplied by an anatomical-region-specific
conversation factor [17,18]. The conversation factors for
different anatomical regions are system-specifically corrected
depending on the DLPair, the scanner geometry as well as the
different tube voltages [19]. Standard CT systems report the
DLP based on a 16 cm or 32 cm reference phantom; however,
the correction with regard to system specifics like DLPair and
the scanner geometry improve the calculation of effective dose
values up to 20% (for more details see 19,20). For quality
insurance one hundred random samples of each protocol type
were compared to results from the dose estimation software
CT-Expo V1.7.1 [20]. The evaluation showed a maximum error
of ±5.0% for the final effective dose values. The error was
caused by a superior definition of the different organ regions
when using CT-Expo. Note, for the future we are planning to
update our system to better define different organ regions. To
evaluate if IR provides a sustainable dose reduction, the
effective dose values were analyzed with respect to protocol
type, diagnostic indication, frequency of examination, and
patient population. To provide an easier access to the data, the
acquisitions are combined into quarter years. Data for each
quarter year are expressed as median and arithmetic mean ±
SD. A two-tailed paired Student t-test was performed for
comparison of effective dose levels of different time periods. A
p-value ≤ 0.01 was considered to indicate statistical
significance. All statistics were computed with Microsoft Excel.

Materials and Methods
CT Acquisition
This single-center study was IRB approved. For each
participant a written consent was obtained, as approved by the
ethical committee at the Faculty of Medicine of the Technische
Universität München. The study included 14854 patients (6971
before & 7883 after installation of the IR system) who
underwent a CT examination between January 2010 and
December 2012. All patients were imaged on the same 256slice CT scanner (Brilliance iCT, Philips Healthcare, Cleveland,
OH, United States). The departmental CT protocols were
employed; this procedure involves for some protocols a BodyMass-Index (BMI) adjustment of tube-current and latest dose
modulation techniques. After 15 months a first-generation IR
algorithm was added to the system. As guidance for adjusting
the initial imaging parameter, we used experiences we gained
during a prototype evaluation with phantoms and retrospective
collected patient data (for details please see 12). Consequently
each protocol was adjusted over a period of time with respect
to image parameters to achieve the minimal dose while
maintaining diagnostic quality. The diagnostic quality is defined
as a combination of objective and subjective image quality
metrics. We evaluated all metrics in regular meetings to control
progress of the parameter adjustment. Note, the evaluation and
optimization of the diagnostic quality are described in detail in
the discussion of this manuscript.

Results
Figure 1 shows the median effective dose and examinations
per quarter year in millisievert (mSv) for aortic CTA
examinations. With respect to the effect of IRs before and after
introduction on the radiation exposure, an average of 14.2 ±
7.8 mSv and median of 11.4 mSv, and average of 9.9 ± 7.4
mSv and median of 7.4 mSv are reported, respectively. Figure
2, 3, & 4 have an analog layout as Figure 1, while the
examination types are pulmonary CTA, thorax-abdomen-pelvis
CT, and unenhanced cranial CT scans. For the pulmonary
CTAs (see Figure 2) the effective dose dropped from average
of 9.7 ± 6.2 mSV and median of 7.7 mSv to average of 6.4 ±
4.7 mSv and median of 4.8 mSv. Note for Figure 2, the
effective dose drops significantly in the last reported quarter,
since the protocol was switched from 120 kv to 100 kv. This
has been reported previously that IR allows a higher reduction
in radiation exposure when it comes to high-contrast
acquisitions. The IR can compensate the additional noise
caused by the reduction of tube-voltage [9,21]. For the thorax-

Dose Monitoring System (DMS)
The DMS tool was developed to collect examination, patient,
and modality information. For data collection, we integrated
data extracted from a HIS/RIS system (SAP, IS-Hmed*, CSC,
Falls Church, VA, United States), a direct access to a PACSDatabase (EasyAccess, Philips Healthcare, Best, The
Netherlands), MPPS-data, and Dicom-SR. The integration of all
sources overcomes the weaknesses of single systems, for
example incorrect user input into the RIS system. These
corrupted data can be identified and corrected by using
information from multiple sources. Further, some crucial
information is only presented in DICOM-images or DICOMoverlays. To overcome this obstacle we integrated an optical
character recognition system to extract, for example,
information from CT-dose reports. All collected data are
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Figure 1.
The median effective dose and number of examinations per quarter year in mSv for aortic CTA
examinations. With the introduction the IR system (between 1/11 and 2/11) a significant reduction in radiation exposure can be
reported.
doi: 10.1371/journal.pone.0081141.g001

abdomen-pelvis CTs (see Figure 3), mostly used for cancer
staging, the effective dose dropped from average of 14.6 ± 5.0
mSv and median of 13.8 mSv to average of 12.5 ± 5.5 mSv
and median of 11.0 mSv. For CTA, pulmonary CTA, and
thorax-abdomen-pelvis CT examinations the dose reduction
after introduction of the IR system was statistically significant
(p*=0.01). For unenhanced low-dose scans of the cranial (for
example sinuses) the effective dose reduction is not significant
as our statistical analysis revealed. The average and median
effective dose was 6.6 ± 5.8 mSv and 3.9 mSv with
conventional Filtered Backprojection 6.0 ± 3.1 mSV and a
median of 3.2 mSv with IR (see Figure 4). It is important to
point out that for unenhanced neurological CT scan the effect
of IR in combination with a wide-detector configuration is
naturally minor. Other investigator confirmed this observation in
studies with one hundred examinations [22].
Figure 5 illustrates that IR has an impact to reduce radiation
dose significantly (p*=0.01). Before clinical introduction of IR
the average effective dose over all scans was 10.1 ± 7.8 mSv
and with IR 8.9 ± 7.1 mSv. Note, the cumulative dose values
between different radiology departments are strongly
dependent on the type of patient population; thus, between
different departments the cumulative dose can be significantly
different. Table 1 & 2 summarizes all presented examination
types and the collected dose information of all examinations.

diagnostic MDCT examinations. The amount of radiation dose
reduction cannot be generalized to a fixed amount since the
initial dose and the reduced dose depend on several
parameters, which include diagnostic indication, protocol
design, and even personal bias towards the one or the other
image quality. The last point is one of the main challenges in
the current and future integration of IRs into the clinical routine.
Regularly the image quality / impression of the newly
introduced reconstruction techniques do not directly receive
highest acceptance by clinicians; thus, a longer time period is
necessary to adjust parameters to achieve a perfect balance.
For example, in our case, each protocol was adjusted over a
period of time with respect to image parameters to achieve the
minimal dose while maintaining the diagnostic quality.
Diagnostic quality is a combination of image quality and the
indication of a given examination. Image quality can be
measured with several different metrics, which include
contrast-to-noise ratio, image noise, resolution and many more.
Important is that one recognizes that theses metrics alone do
not prove the diagnostic merit of a reconstruction. For example,
one could use a strong image filter to totally eliminate image
noise while as a drawback such a filter would increasing
blurring and would subsequently strongly limit the diagnostic
quality. To determine if the reconstruction has diagnostic merit
for a specific indication, one uses subjective image
assessment. Thus the indication of the examination, in
combination with all these metrics (objective and subjective),
plays a mayor role to evaluate the diagnostic quality. In our
case, if not more frequently demanded, a weekly meeting was
held to review the current diagnostic quality. The meetings
included three radiologists (several years of experience in CT

Discussion
In this study we observed that when employing an IR
algorithm in the clinical day-to-day routine, it is possible to
sustainably and significantly reduce radiation exposure in
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Figure 2. The median effective dose and number of examinations per quarter year in mSv for pulmonary CTA
examinations. The effective dose drops significantly in the last reported quarter, since the protocol was switched from 120kv to
100kv.
doi: 10.1371/journal.pone.0081141.g002

Figure 3. The median effective dose and number of examinations per quarter year in mSv for thorax-abdomen-pelvis CT
examinations. With the introduction the IR system (between 1/11 and 2/11) a significant reduction in radiation exposure can be
reported. The clinical value of a DMS is demonstrated with the increase in effective dose in 4/11 and the direct detection and
correction.
doi: 10.1371/journal.pone.0081141.g003

diagnostics) and two medical physicists. Main focus was to
keep the radiation exposure minimal while ensuring optimal
diagnostic quality (as legally mandatory in Germany). This

PLOS ONE | www.plosone.org

optimization process can take several months because, first of
all, the process should happen in a gradual process to ensure
diagnostic quality and secondly the adjustment to the new
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Figure 4. The median effective dose and number of examinations per quarter year in mSv for low dose scans of the cranial
(for example sinuses). Note it is important to point out that for unenhanced neurological CT scan the effect of IR in combination
with a wide-detector configuration is naturally minor.
doi: 10.1371/journal.pone.0081141.g004

Figure 5. The median effective dose and number of examinations per quarter year in mSv for all examination between
January 2010 and December 2012. With the introduction the IR system (between 1/11 and 2/11) a significant reduction in
radiation exposure can be reported.
doi: 10.1371/journal.pone.0081141.g005

optimized. As guidance for adjusting the initial imaging
parameter, we used experiences we gained during a IR
prototype evaluation with phantoms and retrospective collected

image impression takes some time. On this note, in our case
we optimized our protocols initially when the system was
installed (conventional FBP reconstruction was used). Thus
when the IR system was installed all protocols were re-
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Table 1. Overview of the collected data for different examination types (# number of examination, μ average effective dose,
χ median effective dose, σ standard deviation of effective dose).

Quartal

#

μ (mSv)

χ (mSv)

σ (mSv)

CT Angiography (Abdomen)

Quartal

#

μ (mSv)

χ (mSv)

σ (mSv)

CT Thorax-Abdomen-Pelvis

1/10

103

13,19

11,44

5,89

1/10

184

15,25

14,12

3,95

2/10

103

14,48

11,21

10,78

2/10

215

12,91

13,31

5,35

3/10

91

14,80

11,65

7,64

3/10

197

14,75

13,80

5,39

4/10

87

13,72

11,04

7,46

4/10

185

15,11

13,93

5,40

1/11

138

13,54

11,40

7,11

1/11

243

14,95

13,99

4,84

2/11

163

9,56

7,24

5,71

2/11

206

11,92

10,75

4,65

3/11

141

10,09

8,04

6,67

3/11

226

12,20

10,86

5,17

4/11

140

11,58

8,81

8,43

4/11

301

14,84

12,77

6,95

1/12

151

9,21

6,66

9,15

1/12

200

12,57

11,02

5,23

2/12

102

9,65

7,04

7,30

2/12

166

12,56

11,04

5,59

3/12

89

10,65

7,90

8,31

3/12

229

12,22

10,55

5,92

4/12

171

8,29

6,43

6,54

4/12

250

11,23

9,93

4,97

CT Angiography (Embolie)

CT Cranium (nativ)

1/10

82

9,81

7,46

6,24

1/10

154

7,12

6,23

4,80

2/10

88

9,74

8,55

6,41

2/10

213

6,91

6,17

3,95

3/10

123

10,29

7,43

6,82

3/10

213

6,86

5,87

3,58

4/10

98

9,09

7,40

5,50

4/10

127

6,16

5,65

3,41

1/11

91

9,54

7,72

5,92

1/11

136

6,02

5,10

3,99

2/11

77

5,41

4,44

3,16

2/11

113

5,55

5,04

2,61

3/11

89

5,94

4,67

4,07

3/11

105

5,19

4,66

1,94

4/11

76

6,38

5,43

3,34

4/11

97

5,52

4,92

2,69

1/12

61

8,72

5,60

8,79

1/12

66

6,84

5,61

6,09

2/12

33

8,01

5,65

5,65

2/12

68

5,88

5,48

2,12

3/12

68

6,09

4,56

3,89

3/12

79

7,13

6,21

5,04

4/12

101

4,20

2,44

3,92

4/12

99

6,94

6,50

3,87

doi: 10.1371/journal.pone.0081141.t001

Table 2. Overview of the collected data for all examination between January 2010 and December 2012 (# number of
examination, μ average effective dose, χ median effective dose, σ standard deviation of effective dose).

Quartal

#

μ (mSv)

χ (mSv)

σ (mSv)

1/10

1158

10,35

9,15

7,58

2/10

1324

9,98

8,09

7,87

3/10

1173

9,98

7,95

7,53

4/10

1029

9,99

7,87

7,13

1/11

1287

10,33

8,95

7,18

2/11

1137

8,41

6,91

6,28

3/11

1050

8,74

7,20

6,92

4/11

1513

10,01

6,99

8,37

1/12

1030

8,84

7,09

7,56

2/12

795

9,17

7,65

6,72

3/12

1082

8,62

7,04

7,51

4/12

1276

7,79

6,61

6,37

Total of 14854 examinations were enrolled into this study (6971 before & 7883 after installation of the IR system).
doi: 10.1371/journal.pone.0081141.t002

patient data (for details please see 12). Further details on how
to perform such an optimization process can be found in [23].
The topic of IR algorithms for CT application had a strong
revival in the last years, considering that the number of

PLOS ONE | www.plosone.org

publications focusing on this topic has tripled in the last five
years [24]. This popularity can be lead back to the general
interest to reduce radiation dose in combination with a higher
availability of parallel computing tools. On this note, IR is not
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the only possibility to reduce radiation exposure; other current
and future options can be found in [25]. With regard to most
publications, the evaluation of IR algorithms was done on a
limited number of patient cases. In our case we could consider
a large number of patient cases to evaluate long-term effects.
However, compared to the work of others, we could not
consider the diagnostic quality for all cases, but reviewed the
current diagnostic quality as well as the radiation exposures in
a weekly meeting.

Important for the clinical day-to-day routine is to realize that if a
CT scan is justified from a medical point of view, then the dose
should be secondary while all dose reduction options should be
fully utilized to a level where diagnostic confidence is ensured.
In conclusion, our results illustrate that not only in studies with
a limited number of patients but also in the clinical routine, IRs
provide long-term dose savings.

Conclusion

Conceived and designed the experiments: PN BR MF MD ER.
Performed the experiments: PN BR AF DM. Analyzed the data:
PN BR MF MD AF DM. Contributed reagents/materials/
analysis tools: PN MF BR. Wrote the manuscript: PN MF BR
AF DM MD ER.

Author Contributions

The dose aspect in diagnostic CT remains one of the highest
priorities. Over the last decade several steps have been
implemented toward dose reduction, which indicates that we
are moving toward effective dose levels of less than 1 mSv.
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Objective: The degeneration of articular cartilage is part of the clinical syndrome of osteoarthritis (OA)
and one of the most common causes of pain and disability in middle-aged and older people1. However,
the objective detection of an initial state of OA is still challenging. In order to categorize cartilage into
states of OA, an algorithm is presented which offers objective categorization on the basis of two-photon
laser-scanning microscopy (TPLSM) images.
Methods: The algorithm is based on morphological characteristics of the images and results in a topographical visualization. This paper describes the algorithm and shows the result of a categorization of
human cartilage samples.
Results: The resulting map of the analysis of TPLSM images can be divided into areas which correspond to
the grades of the Outerbridge-Categorization. The algorithm is able to differentiate the samples in
coincidence with the macroscopic impression.
Conclusion: The method is promising for early OA detection and categorization. In order to achieve a
higher beneﬁt for the physician the method must be transferred to an endoscopic setup for an application in surgery.
 2013 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction
Articular cartilage lesions generally do not heal or heal partially
under certain biological conditions2. At present, no drugs or devices
have been consistently shown to modify joint structure or reverse
joint pathology3. Common histologic assessment methods poorly
categorize early phases of disease, have wide interobserver variation and are very non-linear over the range from mild to advanced
disease4. The current accepted standard for diagnosing knee osteoarthritis (OA) and monitoring progression is measurement of the
joint space width from radiographs5. This indirect evaluation diagnoses the disease relatively late in its course6.

* Address correspondence and reprint requests to: T. Bergmann, Institute of
Bioprocess Engineering and Pharmaceutical Technology, Technische Hochschule
Mittelhessen, Wiesenstr. 14, 35390 Giessen, Germany. Tel: 49-641-309-2645;
Fax: 49-641-309-2977.
E-mail address: Thorsten.Bergmann@kmub.thm.de (T. Bergmann).

Laser-Scanning microscopy (LSM) and especially two-photon
laser-scanning microscopy (TPLSM) is a common technique for
tissue imaging7e10. In contrast to X-ray imaging, a microscopic
imaging method is able to visualize even the ﬁrst signs of surface
ﬁbrillation because of higher spatial resolution. Nevertheless, features like local edema and swelling which occur prior cartilage
ﬁbrillation11 cannot be detected by microscopic imaging.
Macroscopic assessment grading systems are mainly based on
the work of Collins12 and Outerbridge13 where classiﬁcation is
based on extensive qualitative descriptions of cartilage surface
texture, lesion size and bony changes4. The Outerbridge classiﬁcation is recommended for the arthroscopic evaluation of articular
cartilage defects14.
Another common grading system is based on microscopic
evaluation of stained tissue15. The study provides a correlation with
cartilage biochemical changes associated with OA progression.
All these grading systems have in common, that the morphologic
appearance seen on diagnostic imaging and/or arthroscopy are
evaluated by the investigator. Nevertheless, a small interobserver

1063-4584/$ e see front matter  2013 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Table I
Outline of the classiﬁcation system for OA of the knee (from13)
Grade

Outerbridge

0
1
2
3
4

Normal cartilage
Softening and swelling of the cartilage
Fragmentation and ﬁssuring in an area 0.5 inches or less in diameter
Fragmentation and ﬁssuring in an area 0.5 inches or more in diameter
Erosion of cartilage down to bone

variance of investigators with varying levels of histopathology
experience is worthwhile. Therefore, there is a need for an objective
classiﬁcation tool, which supports the physician by evaluating the
diagnostic images.
In order to overcome the lack of objective validation an automated analysis is presented. The analysis is based on ﬂuorescence
images which can be recorded via microscope as well as endoscopic. The presented method uses images taken by a TPLSM. The
presented work does not represent a new grading system or imaging technique. Instead of that, it is an image analysis which uses
images generated by a TPLSM. It can be combined with existing
grading systems whereat in this work the Outerbridge grading
system was chosen as an example. Furthermore, other imaging
techniques are possible for image acquisition.
Due to the fact, that cartilage is a highly scattering tissue, the
penetration depth of optical microscopy techniques is limited.
Thus, TPLSM was used for image acquisition because it is ﬁrst
choice for deep tissue imaging16. TPLSM is a three-dimensional
ﬂuorescence microscopy technique and in case of cartilage tissue
the ﬂuorescence occurs intrinsically and is therefore called autoﬂuorescence or ﬂuorescence background. This ﬂuorescence results
from the presence of products of collagen glycation termed
advanced glycation end products17. This fact avoids the usage of any
staining. The penetration depth into tissue is limited to approximately 500 mm18,19, because of a high scattering coefﬁcient of
cartilage tissue. For the detection of early changes in the extracellular matrix this limitation does not hamper the analysis because a
ﬁbrillation of the surface occurs in the ﬁrst symptomatic stadium of
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OA20. However, these ﬁrst visible changes of the extracellular
matrix are not the ﬁrst changes of OA.
The images of a TPLSM from the cartilage samples of different
states of OA show very varying morphology. They provide a high
scalability because the macroscopic appearance of the cartilage
corresponds well with the morphology of the TPLSM images. Thus,
a categorization of the images will correspond to a categorization of
the samples. Nevertheless, it is not that obvious to transfer the
morphology of an image into an objective parameter. For this
reason, a classiﬁcation method with analogies to the classiﬁcation
of histopathological images of meningiomas WHO grade I21 was
performed.
In order to characterize the content of an image by numerical
image features, transforms like Fourier or Wavelet Transform are
used22e24. Wavelet transform was used for calculation of image
features in this analysis. As a result, each image is represented by
an n-dimensional feature vector. The subset of feature vectors
explores a space of texture features. A Self-Organizing Map (SOM)
acts as a connector between the texture feature space and the
image characteristics. It is a method that is able to visualize
datasets of high dimensionality and furthermore it is able to
perform clustering. The unsupervised learning method reduces
the higher dimensional dataset to two dimensions and allocates
the images on a map according to their similarity in the feature
space.
The success of clustering or categorization depends strongly on
the subset of selected features. Several features have been analyzed
and used for classiﬁcation of image textures25,26. Nevertheless, no
gold standard of texture features regarding its classiﬁcation performance was found27. Thus, the feature selection has to be adapted
to each classiﬁcation problem with respect to the kind of image, the
image morphology and the differences for classiﬁcation.
In this paper, the samples and the image acquisition are
described ﬁrst. Afterward the feature calculation and selection is
shown on basis of the following data visualization and clustering
by using SOM. As the ﬁnal result, a map of the whole dataset is
shown, including the classiﬁcation of the cartilage into states
of OA.

Fig. 1. Setup of the TPLSM microscope: (1) Ti:Sa-laser; (2) polarizer/analyzer, beam expander; (3) prism compressor; (4) beam-multiplexer; (5) scanning mirrors; (6) beam
expander; (7) microscope objective; (8) dichroic mirror; (9) ﬁlter-wheel, EMCCD-camera; (10) photomultiplier.
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Methods
Samples and image acquisition
The cartilage samples originate from a total joint replacement of
the knee. The patients were male and female with an age between
50 and 80 years. The samples were harvested from the femur
during a total knee replacement procedure. All patients were
suffering from OA. Patients with rheumatoid arthritis were
excluded from the study. This study includes 31 different cartilage
samples. The cartilage samples were transferred to the microscope
lab directly (within 6 h) after orthopedic surgery. The samples were
kept in Ringer solution at room temperature during transport and
examination. After removal from the transport container, the
cartilage samples were cut with a scalpel, when necessary, placed
in glass bottom petri dishes and immediately imaged. The samples

were ﬁrst categorized by macroscopic investigation into states of
OA according to the Outerbridge-Categorization. The OuterbridgeCategorization consists of ﬁve grades. A more comprehensive
description is given in ref. 28. A summary of the characteristics of
the ﬁve grades is given in Table I. This categorization was performed
to test the subsequent analysis by TPLSM but has no inﬂuence on
the analysis based on the TPLSM images.
Samples from every grade could be obtained because the whole
knee was removed during surgery which enabled to get cartilage
samples with macroscopically unchanged regions according to the
Outerbridge classiﬁcation. Each sample was categorized macroscopically according to the authors experience and labeled with
the color corresponding to its grade (Fig. 2). It has to be noticed
that the classiﬁcation algorithm is not based on this classiﬁcation.
It helps to understand the allocation of the images within the SOM.
Grade 4 is left out because the cartilage is nearly completely

Fig. 2. The image stacks are categorized manually and labeled with different colors.

T. Bergmann et al. / Osteoarthritis and Cartilage 21 (2013) 1074e1082

degenerated in this state and thus just a very weak ﬂuorescence
signal can be detected. The cartilage samples were imaged via
TPLSM as received. They were neither stained nor treated in any
other way.
The TPLSM used a 1 W Ti:Sa femtosecond-laser (Tsunami,
Spectra-Physics) at 800 nm for the excitation. A beammultiplexer within a TriM-Scope (LaVision Biotec GmbH) splitted up the beam into 64 single beams. The resulting 64 spots
were scanned simultaneously across the sample. A beam-splitter
differentiates the excitation light from the ﬂuorescence light and
a highly sensitive EMCCD-camera (Andor, Ixon) detects the signal
(Fig. 1). 30 images of every sample were generated, each image
representing one z-layer of the tissue with a distance of 1 mm
between each layer. Each image can be treated separately as an
individual image. The complete dataset consists of 930 individual
images.
Discrete wavelet transformation
The discrete wavelet transform was performed to extract features for classiﬁcation. The basic idea of the wavelet transform is to
represent any arbitrary function f as a superposition of wavelets.
Wavelets are functions generated from a single prototype function
j by dilations and translations29. The wavelet decomposition of a
signal f is then

f ðxÞ ¼

X

dj ðkÞjj;k ðxÞ

j;k

with wavelet-function





jj;k ðxÞ ¼ 2j=2 j 2j x  k

The index j indicates the dilation while k refers to translation. dj (k)
are the wavelet detail coefﬁcients which can be obtained by the
inner product

dj ðkÞ ¼



f ðxÞ; jj;k ðxÞ



For an grayscale image, the detail coefﬁcient consists of three
components, a horizontal, a vertical and a diagonal component
because an image can be treated as a two-dimensional function.
Therefore, a signal is decomposed into an approximation and three
detail coefﬁcients on each approximation scale.
The two-dimensional discrete wavelet transform was calculated
on six scales where the features are calculated on the basis of the
detail coefﬁcients. The ﬁrst calculated set of features is the energy
of an image30

Eji ¼
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Thus, the resulting feature vector consists of the following
components on six scales:
i
Etot
¼

M
N
X
1 X
Etot ðm; nÞ
MN m ¼ 1 n ¼ 1

Oriani ¼

M
N
X
1 X
Orianðn; mÞ
MN m ¼ 1 n ¼ 1

which results in ten features because the Orian(5e6) values were
neglected.
This set of features is expanded by the normalized mean pixel
value of the original image as an additional feature. The normalization avoids an intensity measurement rather this feature measures how much cartilage material exists within the ﬁeld of view.
The feature space for the analysis spans an 11-dimensional
vector space.

Self-organizing maps
SOM are a kind of artiﬁcial neuronal network which organizes
itself unsupervised and was introduced by Kohonen31. The SOM
deﬁnes an elastic net of points that are ﬁtted to the distribution of
the training data in the input space32. Thus, a multidimensional
dataset is visualized on a two-dimensional grid.
The SOM consists of a two-dimensional lattice of units of artiﬁcial neurons. First, a model vector mi is created which connects
each neuron of the lattice with the n-dimensional input space.
Afterward, the training phase begins. A winning neuron is evaluated for each input data point by calculating the distance of the
input data point and the neurons of the lattice. Accordingly, the
neurons are shifted toward the input data point corresponding a
weighting function. The winning neuron suffers the longest distance. This procedure is repeated for every data point in every
training step. Thus, the map attempts to represent all the available
observations x with optimal accuracy by using the map units as a
restricted set of models. During the training phase, the model becomes ordered on the grid so that similar models are close to and
dissimilar models far from each other.

M
N 
2
X
1 X
Dij ðm; nÞ
MN m ¼ 1 n ¼ 1

i is the scale and j describes the three detail coefﬁcient. M,N indicates the size of the approximation. Since the energy of an image
is orientation dependent the sum of a transformation scale is
calculated which eliminated the orientation dependence
i
Etot
ðm; nÞ ¼



Di1 ðm; nÞ

2


2 
2
þ Di2 ðm; nÞ þ Di3 ðm; nÞ

The anisotropy of the energy was measured as follows (with
ðDi1 ðm; nÞÞ2 )30:

Oriani ðm; nÞ ¼

1
i ðm; nÞ
Etot

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
 i
 
 

˛1  ˛i2 þ ˛i1  ˛i3 þ ˛i2  ˛i3

Fig. 3. Wavelet analysis of the TPLSM images of human cartilage and visualization
within the SOM map.
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The discrete wavelet analysis produces data and spans an 11dimensional vector space which characterizes the input data.
Nevertheless, these data have to be interpreted in a way, that
similar images or feature vectors are detected as one group or
cluster. Thus, the ﬁrst goal of the algorithm is the correlation
between the 11-dimensional input space X3RN and a set of

neurons of a low-dimensional space M3RM (with M ¼ 1,2)33.
Second, the algorithm has to work unsupervised and the
resulting map has to represent the input space topologically
correct (Fig. 3).
The input space consists of 930 data points which corresponds to the number of images. Each image is analyzed by

Fig. 4. The different grades are tracked with a hit statistic and displayed in congruent colors. The SOM shows four different cluster, each cluster located in approximately one quarter
of the map. The degeneration process advance from healthy cartilage (lower left area in green) anti-clockwise to grade 3 (upper left area in red).

T. Bergmann et al. / Osteoarthritis and Cartilage 21 (2013) 1074e1082

discrete wavelet transform and thus an 11-dimensional feature
vector represents each image. After initializing the SOM and
training the dataset is represented by the reference vectors
(neurons) of the SOM. Each image can be allotted to a according
neuron and displayed at the corresponding neuron within the
map. Thus, a map can be generated where every neuron is
represented by the original image. This kind of map provides a
good overview of the topographical clustering. Furthermore, the
SOM can be displayed by using a Hinton diagram. Every image
which is located at a neuron is displayed as a quad. The more
images fall on this neuron, the bigger the quad gets. By connecting an image to a color, the quad can be displayed with this
color. This enables the tracking of images and investigation of a
group of images.
Results
The discrete wavelet analysis was performed with the whole set
of 930 images. These 930 images originate from 31 cartilage
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samples, each imaged in 30 different depth. The distance between
the image layers in z-direction is 1 mm. A SOM with 64 neurons was
trained in 300 training steps. The data are displayed in different
ways to get an impression of the data structure and the clustering
performance of the algorithm.
Figure 4 shows the map as a Hinton diagram. The more data
points are connected to a neuron, the bigger this neuron is displayed. In order to visualize the Outerbridge classiﬁcation the
data have to be labeled ﬁrst. This makes it possible to identify
the data within the resulting map. The used color code corresponds to Fig. 2. The images of each category are now visualized
within the hit statistic in the color belonging to the category.
Thus, it is possible to locate the individual categories. The result
is shown in Fig. 4. The healthy cartilage (grade 0) is displayed in
green and located mostly in the lower left corner. Grade 1 in
yellow is located basically in the lower right corner, grade 2 in
blue in the upper right corner and the most degenerated one,
grade 3 in red is mainly in the upper left corner. This means, that
the progress of the degeneration of the cartilage is documented

Fig. 5. Each neuron of the SOM is represented by a corresponding image. The surrounding is colored with the winning grade.
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on the map from the lower left corner to the upper left corner
anti-clockwise.
It becomes apparent that the analysis clusters the images with
smooth transition between the Outbridge grades. Thus, the images
were integrated into the map to visualize the kind of differentiation
of the images. Additionally, the winning grade or color was estimated for every neuron of the map. The grade with most images at
one neuron wins a neuron and is colored, respectively. The result is
shown in Fig. 5.
It has to be mentioned that the hit statistic (Fig. 4) does not only
color the winning neuron. In fact, the neurons are colored according a gauss function around the winning neuron. As a consequence,
the categories are distributed on a larger area on the map. The
reason to represent the data this way becomes clear by looking at
the map in Fig. 5. There is one empty frame which corresponds to a
neuron which is not connected to an image. Consequently, this
neuron cannot be labeled with a winning category. By choosing the
hit statistic in Fig. 4 it becomes clear that the red category wins this
neuron.
The structure with the anti-clockwise location of the different
grades is maintained in Fig. 5. There are only two neurons in which
the winning grade does not belong to the expected grade (lower left
corner). Nevertheless, a look at the images at this neurons points
out that the images are located right regarding their morphology.
After the establishment of this classiﬁcation system it has to be
validated. Thus, the classiﬁcation was proven by comparing the
macroscopic determined grade of the cartilage and the automatically determined grade of the TPLSM images. Samples of each grade
were chosen and categorized. Afterward, TPLSM images were
generated at the same location at the cartilage sample and analyzed
by using the algorithm. The total amount of images for validation
was 41. The corresponding images are merged in Fig. 6.
The main goal of the algorithm based on microscopic images
was the detection of the early changes of the extracellular matrix
when an OA begins. Thus, the sensitivity and the speciﬁcity were
determined because these parameters only take healthy and
arthritic cartilage into account. The sensitivity or true positive
rate indicates the amount of actual OA when a state higher than
grade 0 in the Outerbridge classiﬁcation was detected. The
speciﬁcity or true negative rate indicates the amount of unchanged cartilage when grade 0 in the Outerbridge classiﬁcation
was detected. The result of the validation was a sensitivity of
0.88 and a speciﬁcity of 0.93. These values have to be treated

carefully because of the small amount of samples which
contributed to this calculation.
Discussion
In this paper, an algorithm for the classiﬁcation of cartilage into
states of OA was presented. The algorithm works with TPLSM images and uses discrete wavelet transformation to determine image
features. Afterward, SOM’s were used for dimension reduction and
visualization of the multidimensional dataset.
The result was a dataset which represented a wide spectrum of
OA states and the Outerbridge classiﬁcation of the samples were
approved. Furthermore, the validation of the analysis resulted in
good values for the sensitivity and speciﬁcity. These results are
promising for further developments for early OA detection.
The fact that the samples have to be imaged ex-vivo with a twophoton microscope hampers the integration of the method into the
daily routine of early OA detection. Nevertheless, there are proposals to get access to endoscopic two-photon microscope
images34,35.
The presented analysis method is not restricted to TPLSM images. Due to the fact, that optical coherence tomography (OCT)
provides a high penetration depth36 it is used for arthroscopic
diagnosis of early arthritis37. Nevertheless, the images of OCT systems typically show the xz-plane in comparison to the xy-plane of
the TPLSM images, it seems to be possible to adapt the algorithm to
this acquisition technique.
The presented method holds the potential to support the
physician in early OA detection by providing an objective parameter. The parameter could be the automatic determined grade of the
cartilage, a position within the map or simply a sign whether the
cartilage is healthy or not. As mentioned before, even early states of
OA can be detected. This result should be considered as assistance
for the physician in addition to other examination methods and his
individual experience. By taking an objective parameter into account, the interobserver variance can be minimized. By integrating
a ﬁber-based ﬂuorescence microscope into existing arthroscopic
tools, no additional examination is necessary. Then, the physician
gets two additional information of the cartilage. One the one hand
the TPLSM image itself (surface and depth information) and on the
other hand the objective parameter of the automated analysis. The
time for the investigation extends insigniﬁcant. Furthermore, the
results are available within seconds.

Fig. 6. The validation shows good compliance of the macroscopic classiﬁcation and the automatic classiﬁcation algorithm.
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The results of the presented study are very promising. Nevertheless, the method has to be proven with a greater amount of
samples to fulﬁll two purposes. First, the database for the generation of the SOM and therefore the classiﬁcation has to be extended.
Hence, the classiﬁcation becomes more precise and reliable. Second, the validation of the data becomes more detailed and precise.
A prototype with endoscopic imaging would be very assistant to
achieve those objectives.
Several endoscopic OCT systems are mentioned in literature
e.g.,38 with applications in urology and gastroenterology. These
examples show that the clinical usage of these systems are on the
rise. Thus, a clinical application of the presented analysis method is
also possible for the near future.
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Abstract More than 10 years ago, cone-beam-computed
tomography (CBCT) was introduced in ENT radiology.
Until now, the focus of research was to evaluate clinical
limits of this technique. The aim of this work is the evaluation of specific dosages and the identification of potential
optimization in the performance of CBCT of the paranasal
sinuses. Based on different tube parameters (tube current,
tube voltage, and rotation angles), images of the nose and
the paranasal sinuses were taken on a phantom head with
the Accu-I-tomo F17 (Morita, Kyoto, Japan). The dosages
applied to the lens and parotid gland were measured with
OSL dosimetry. The imaging quality was evaluated by
independent observers. All datasets were reviewed
according to a checklist of surgically important anatomic
structures. Even for lowest radiation exposure (4 mA,
76 kV, 180°, computed tomography dosage index
(CTDI) = 1.8 mGy), the imaging quality was sufficient.
Of course a significant reduction of the imaging quality
could be seen, so a reliable mean was set for 4 mA, 84 kV,
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and 180° rotation angle (CTDI = 2.4 mGy). In this combination, a reduction of 92 % in lens-dose and of 77 % of
dosage at the parotid gland was observed in comparison to
the maximal possible adjustments (8 mA, 90 kV, 360°,
CTDI = 10.9 mGy). There is potential for optimization in
CBCT. Changing the rotation angle (180° instead of 360°)
leads to a dose reduction of 50 %. Furthermore from
clinical point of view in case of chronic rhinosinusitis a
relevant reduction of dosage is possible. Therefore, it is
necessary to intensify the interdisciplinary discussion about
the disease specifics required quality of imaging.
Keywords Digital volume tomography (DVT) 
Cone-beam-computed tomography (CBCT) 
OSL dosimetry  Dosage of lens  Chronic rhinosinusitis 
Imaging ENT

Introduction
The knowledge about the individual anatomic situation
plays a central role for surgeons to plan interventions and
to prevent complications. The current German guidelines
for chronic rhinosinusitis recommend radiological imaging
before surgery of the paranasal sinuses as a standard procedure [1]. The formerly used conventional radiography
has been replaced by computed tomography. About
10 years ago, cone-beam-CT (CBCT) was introduced for
imaging of head and neck region. Until now, research
focused on the possibilities of CBCT in several diseases.
So CBCT turned out to be a useful tool for diagnosis of the
nose, the anterior skull base as well as for the imaging of
the temporal bone [2–6]. To find the specific position in the
spectrum of radiological imaging procedures, a more basic
science-oriented research is necessary. Especially
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questions regarding the applied doses have to be answered.
Kyriakou and co-workers [7] compared a high-end CT
(Siemens dual source) with dental CBCTs. They found no
dose advantage in CBCT in this context. But as criticism, it
has to be mentioned that the 10-year-old CBCT of their
study cannot be compared to currently used devices in ENT
and second, the spread of the dual-source-CT is narrow.
Our own data show an advantage of CBCT in comparison
to a 64-slice CT of factor two to five. Therefore, a definite
conclusion regarding the differences in dosage between
CBCT and CT is still not possible.
The aspects of the necessary imaging quality for visualizing the paranasal sinuses have not been lighted up. The
aim of this study was therefore to evaluate the possibilities
of the reduction of dosage on CBCT with focus on the
imaging quality. Different images of a phantom head was
Fig. 1 CBCT (Accu-I-tomo
F17, Morita) and the phantom
head

Fig. 2 Typical coronar view of
the paranasal sinuses of the
phantom head (left side) and a
patient from daily routine (right
side). Both CBCT scans were
performed with a rotation angle
of 180°, tube current of 4 mA,
and tube voltage of 84 kV
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performed. Measurement of the doses applied directly to
the lenses and the parotid glands were performed by optical
stimulated luminescent dosimetry (OSL dosimetry).
Afterward, a critical evaluation of the images was performed by head and neck radiologists, ENT surgeons, and
specially trained ENT specialists of head and neck
imaging.

Materials and methods
A special phantom head was used for further studies
(Fig. 1, right side). To visualize the comparability of the
phantom head to the real human situation, a typical coronar
view of the paranasal sinuses of both subjects (parameters:
360°, 84 kV, 4 mA) was given (Fig. 2).
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Table 1 Computed tomography dose index (CTDI): parameters for the different combinations
360°

90 kV

180°

8 mA

4 mA

8 mA

4 mA

10.9 mGy

5.5 mGy (49.54 %)

5.6 mGy (48.62 %)

2.8 mGy (74.31 %)

84 kV

9.1 mGy (16.51 %)

4.6 mGy (57.80 %)

4.7 mGy (56.88 %)

2.4 mGy (77.98 %)

76 kV

7.1 mGy (34.86 %)

3.6 mGy (66.97 %)

3.6 mGy (66.97 %)

1.8 mGy (83.49 %)

In brackets the reduction in comparison to the maximally possible reduction (360°, 8 mA, 90 kV) is given

All images were made with the CBCT device by Morita
(Accu-I-tomo F17, Morita, Kyoto, Japan) (Fig. 1, left side).
This device allows a variation of the tube voltages from 60
to 90 kV in 1-kV steps and a variation of the tube current
from 1 up to 10 mA in 0.5-mA steps. In Addition, a variation of the rotation angle between 180° (9 s rotation time)
and 360° (17 s rotation time) is possible. Especially the
180° modus is interesting because rotation only around the
back of the head is possible. Thus the lenses are not directly
exposed to irradiation. Furthermore, different fields of view
(4 cm in diameter and 4 cm in height up to 17 cm in
diameter and 12 cm in height) are possible with this device.
Until now, images were performed by standard X-ray
adjustments (360°, 90 kV, 8 mA) according to the recommendations of Morita Company. In this study, images of
the nose and the paranasal sinuses of the phantom head
with a field of view of 10 cm in height and 10 cm in
diameter were performed. Different combinations of tube
voltages (90 kV, 84 kV and 76 kV), tube currents (8 mA
and 4 mA), and rotation angles (360° and 180°) were
evaluated. The according computed tomography dose
indices (CTDI) with the reduction in comparison to the
maximal possible values (360°, 90 kV, and 8 mA) are
presented in Table 1.
To compare the different datasets, equal levels of
brightness and contrast were taken. A checklist of the clinically and surgically important anatomic structures of the
nose and the paranasal sinuses was developed (a, orbital
floor; b, uncinate process; c, lamina papyracea; d, os turbinale; e, anterior ethmoid artery; f, olfactory fossa; g, bony
canal of the optical nerve; h, foramen rotundum; i, bony
canal of the vidian nerve). This checklist was evaluated for
all data sets in a blinded manner by independent observers
(head and neck radiologist, ENT surgeons and specially
trained ENT specialists for head and neck imaging).
The dose measurements were performed by optical
stimulated luminescent dosimetry (OSL dosimetry). OSLnanoDot-dosimeter from Landauer (Landauer, Europe,
Paris) was used (Fig. 3). OSL dosimetry is based on optical
stimulation like thermoluminescent dosimetry (TLD). For
more than 10 years, it has been used in human dosage
measurements. The OSL dosimeter contains carbon-doted
aluminiumoxide (Al2O3:C) covered with lightly permeable

Fig. 3 nanoDot dosimeter

slices of 5 and 1 mm plastic. This disc is covered by a light,
impermeable container measuring 10 mm 9 10 mm 9
2 mm. In comparison to the TLD in OSL dosimetry a
repetition of picking out the data of the dosimeter is possible. Therefore, a determination of the dosage can be
performed by independent institutes [8]. The first validation was performed in mammography. Al-Senan and coworkers [9] demonstrated a good linearity (0.99 %) and
dosage reproducibility. Because of the high effective
ordinal number of Al2O3:C (Zeff = 11,28) a calibration
with a special tool provided by the company is necessary.
To realize a consistent dose measurement, the four
points of interest were marked (Fig. 1, right side). Doses
were measured at both parotid glands and both eye lenses.
For each separate combination of rotation angle, tube
current and tube voltage, one separate dosimeter was used
at each measurement point. For control, three dosimeters
(without direct contact to the X-ray-tube) accompanied the
other dosimeter all the time. This realized a correction of
the dose in relation to the surrounding dosage (place of
measurement, transport, place of detection). The control
sample of the dosimeter was picked out by the developer of
Landauer Europe, Paris.

Results
All datasets were analyzed regarding the anatomic checklist. All observers examined the blinded data set in independent settings, so any influence between the observers
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b Fig. 4 Visualisation of the different important anatomic structures at

a rotation angle of 360° (a floor of orbita, b uncinate process, c lamina
papyracea, d os turbinale, e anterior ethmoid artery, f olfactory fossa,
g optical nerve, h foramen rotundum, i canal of vidian nerve) with
varying tube adjustments (a 360°, 90 kV, 8 mA; b 360°, 84 kV,
8 mA; c 360°, 84 kV, 4 mA; d 360°, 76 kV, 4 mA)

could be excluded. In all different dosage levels the anatomic structures could be evaluated in a reliable manner.
Of course, the highest dosage parameters (10.6 mGy, 360°,
90 kV, 8 mA) lead to more brilliant images. But still the
lowest adjustments (1.8 mGy, 180°, 76 kV, 4 mA) allowed
visualization of all important structures. Especially experienced ENT surgeons considered it as good enough for
planning paranasal sinus surgery. Figures 4 and 5 show the
different adjustments. So everybody can come to his own
conclusion.
For each combination of rotation angle, tube voltage and
tube current, the dosages on the eye lenses and the parotid
glands were measured. The effective surface dosage was
evaluated by subtracting the surrounding measured doses
from the measured doses at each measuring point. No
significant differences between both sides were identified,
so that a mean was evaluated. The results are shown in
Fig. 6 and summarized in Tables 2 and 3. In Addition, the
percental dosage reduction in comparison to the maximal
adjustments is given.
With a constant rotation angle of 360° (17 s radiation
exposure) a highly significant reduction of the applied dose
during variation of tube voltage and tube current can be seen on
the lens (90 kV/8 mA = 100 % vs. 84 kV/4 mA = 43 % vs.
76 kV/4 mA = 35 %) and the parotid gland (90 kV/
8 mA = 100 % vs. 84 kV/4 mA = 44 % vs. 76 kV/
4 mA = 38 %). The same observation can be made for varying voltage and current in cases of the rotation angle of 180° (9 s
radiation exposure) for the lens (90 kV/8 mA = 100 % vs.
84 kV/4 mA = 44 % vs. 76 kV/4 mA = 33 %) as well as for
the parotid gland (90 kV/8 mA = 100 % vs. 84 kV/
4 mA = 45 % vs. 76 kV/4 mA = 37 %).
By varying the rotation angle between 360° and 180°
with constant tube voltage and tube current, a clear dose
reduction is detected at the lenses as well as the parotid
glands. In our combinations, a reduction of about 50 % at
the parotid gland and of about 80 % at the lens was possible. The differences between the reduction in cases of the
parotid gland and lens result from the type of irradiation. In
cases of 360° rotation, the lens and the parotid gland are
directly irradiated, whereas in cases of 180° rotation only
one parotid gland undergoes direct irradiation. Regarding
the lenses, this only indirect irradiation leads to a highpotential of dosage reduction.
So a total reduction of about 80 % in cases of the parotid
glands and of about 94 % in cases of the eye-lenses was
possible (360°, 90 kV, 8 mA vs. 180°, 76 kV, 4 mA).
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As mentioned above, even at lowest adjustments all
anatomic structures could be visualized. The observers had
knowledge about the fact of analyzing a phantom head.
The similarity of visualization in comparison to a real
human data set can be seen in Fig. 2. The fact that the
analyzed head was just an example and that people with
thicker bones or other anatomic dimensions might have
poor imaging qualities at lowest adjustments leads to a
controversial discussion. Finally, all observers agreed on a
mean level of rotation angle of 180°, tube voltage of
84 kV, and tube current of 4 mA. With these parameters, a
reduction of the surface dose of 77 % at the parotid glands
and of 92 % at the lenses was achieved.

Discussion
Meanwhile, radiological imaging is a standard procedure
before the surgery of the chronic diseases of the nose and
the paranasal sinuses. The current gold-standard is computed tomography (CT). The upcoming technique of conebeam-CT (CBCT) has become a competitor to CT in the
last years. In ENT diagnostics, the exact role of the CBCT
is still not clear. Therefore, further studies have to point out
the possibilities of CBCT in different diseases in comparison to CT. Right now, one major advantage of CBCT is
the lower radiation exposure. This can be realized by
smaller fields of interest and the technique itself. One study
from 2011 by Kyriakou and co-workers [7] showed similar
dosages of dental CBCTs and a brand new high-end-CT.
The analyses of Damet and co-workers [10] showed contrary results, own measurements showed half of the dose in
comparison to the 64-slice-CT, so an absolute dosage
evaluation is still not possible. Regarding only the dosages,
a standard cone-beam CT of the paranasal sinuses has the
same values as an X-ray examination of the chest.
Regarding the individual risks, it is comparable to the risk
of dying during one flight of 5000 km or one cigarette.
The goal of the future will be dose reduction by a discussion of the required disease-related imaging quality. In
this context, there are many potential risks. The aim of the
current study was to start closing this gap by focusing on
chronic rhinosinusitis.
There are different methods of dosimetry of surface
doses. One of them is OSL dosimetry known since 1992. In
accordance to the TLD the basic physical method is an
optical stimulation. But in contrast to TLD, OSL dosimetry
realizes a picking out of the data for several times [8]
which allows an independent evaluation of the measured
dosages [8]. In 2011, the validation of the OSL dosimetry
was performed for CT, X-ray, and mammography devices
by Al-Senan and co-workers [9].
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b Fig. 5 Visualisation of the different important anatomic structures at

a rotation angle of 180° (a floor of orbita, b uncinate process, c lamina
papyracea, d os turbinale, e anterior ethmoid artery, f olfactory fossa,
g optical nerve, h foramen rotundum, i canal of the vidian nerve) with
varying tube adjustments (a 180°, 90 kV, 8 mA; b 180°, 84 kV,
8 mA; c 180°, 84 kV, 4 mA; d – 180°, 76 kV, 4 mA)

One of the first systematic overviews of the detailed
anatomy of the nose and the paranasal sinuses was given by
Zuckerkandl in 1882 [11]. In the context of surgical
interventions in this area, the knowledge of the individual
anatomy regarding the uncinate process, the lamina
papyracea, the olfactory fossa, the os turbinale of the
inferior turbinate, the anterior ethmoid artery, the internal
carotid artery, the infraorbital nerve, the maxillary nerve,
the vidian nerve, and the optical nerve is essential to plan
surgery and to prevent intra- and postoperative complications. So these structures lead to an individual risk profile
for intraoperative injury of brain or important organs [3,
12, 13]. Furthermore, an injury of the anterior ethmoid
artery can lead to strong intraoperative bleedings [14, 15].
Nearly in every surgical intervention of the paranasal
sinuses, the uncinate process is a landmark. In conclusion,
the German Society of Otolaryngology, Head and Neck
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Surgery, recommends preoperative CT or CBCT before
surgery of the paranasal sinuses in its new guidelines of
chronic rhinosinusitis. [1]. The possibilities in imaging of
the different anatomic landmarks of the anterior skull base
by a high-end CBCT in best imaging quality could be
demonstrated before [3, 5, 16–18]. But to what extend a
reduction of imaging quality is possible in cases of visualizing the anterior skull has not been focused on until now.
So, the aim of our study was to show the influence of the
rotation angle, the tube voltage, and the tube current on the
quality of images and to discuss the required quality under
the aspect of dosage application on lenses and parotid
glands.
Beside the brain and the thyroid gland, these two
structures are the main risk-organs during radiation exposure [19]. Therefore, the goal of radiation protection in
imaging of the head and neck region is to protect these
structures. This is possible by varying the X-ray-adjustments (rotation angle, tube current, and tube voltage) or by
variation of the examined volume.
In this study, a phantom head equivalent to a human
specimen (see Figs. 1, 2) underwent multiple examinations
of the paranasal sinuses with variation of the possible

Fig. 6 An overview of the applied doses at the parotid glands and the lenses is given. For each combination of tube current and tube voltage a
direct comparison of the 360° and 180° rotation is presented

123

1314

Eur Arch Otorhinolaryngol (2013) 270:1307–1315

Table 2 Recorded dosage at the parotid gland (mean between right and left)
360°
8 mA

180°
4 mA

8 mA

4 mA

90 kV

1.27 mSv

0.72 mSv (43.30 %)

0.65 mSv (48.03 %)

0.33 mSv (74.01 %)

84 kV

1.09 mSv (14.17 %)

0.56 mSv (55.79 %)

0.58 mSv (54.58 %)

0.29 mSv (77.29 %)

76 kV

1.01 mSv (20.71 %)

0.48 mSv (62.44 %)

0.47 mSv (63.28 %)

0.24 mSv (80.80 %)

In brackets the reduction in comparison to the maximally possible reduction (360°, 8 mA, 90 kV) is given
Table 3 Recorded dosage at the eye lens (mean between right and left)
360°
8 mA

180°
4 mA

8 mA

4 mA

90 kV

15.19 mSv

7.75 mSv (48.98 %)

2.73 mSv (82.03 %)

1.28 mSv (91.57 %)

84 kV

13.62 mSv (10.36 %)

6.53 mSv (57.01 %)

2.39 mSv (84.27 %)

1.19 mSv (92.13 %)

76 kV

11.08 mSv (27.04 %)

5.33 mSv (64.90 %)

1.91 mSv (87.40 %)

0.90 mSv (94.07 %)

In brackets the reduction in comparison to the maximally possible reduction (360°, 8 mA, 90 kV) is given

X-ray adjustments of the CBCT device. Representative
images are demonstrated in Figs. 4 and 5, so everybody
can come to his own conclusion regarding quality
requirements. Our observers (head and neck radiologists,
ENT surgeons, ENT surgeons with special training in
imaging) analyzed the blinded data sets and they all saw no
reduced interpretation even for the lowest adjustments. Of
course it cannot be a general recommendation to apply the
absolutely lowest adjustments. In daily routine some images with these adjustments (180°, 76 kV, 4 mA) turned out
to be inadequate. So after controversial discussions within
our group, a mean adjustment of 180°, 84 kV, 4 mA was
taken for further routine procedure. Until now, there was
no patient data set (among 500) that could not be assessed.
A critical remark must be made regarding the fact that it
was always a subjective evaluation of the different
observers. However, there are no generally objective possibilities for assessment up to now. Another additional
limitation consists in the fact that the assessment of the
data is only valid for this one CBCT device. But from our
point of view, the message is comprehensible and we could
show that a dosage reduction is generally possible. So the
dosage reduction of more than 75 % at the parotid glands
and of more than 90 % at the lenses is a clear fact. The
higher reduction in cases of the lenses can be explained by
the technique of the 180° rotation. Hereby the X-ray-tube
rotates only around the back of the head, so the lenses are
not irradiated directly. Considering the pure values, a much
higher irradiation of the lenses is measured in comparison
to the parotid glands (1.19 vs. 0.29 mSv) for those
adjustments (180°, 84 kV, 4 mA). This is due to the
position of both structures in relation to the measured
volume. So the lenses are directly in the neighborhood of
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the field of view of the paranasal sinuses, whereas the
parotid glands are only marginally concerned. Furthermore, it is very important to reduce the dosage at lenses
which can be achieved by the 180° mode in a perfect way.
For all parameters of tube current and tube voltage, a
reduction of 50 % in cases of the parotid glands and of
80 % in cases of the lenses could be revealed in the 180°
mode. Alternatively a lens protection could be used [20],
but this would influence the imaging quality of paranasal
sinuses as well.
In conclusion a crucial reduction of the applied dosage for
visualization of the paranasal sinuses in cases of chronic
rhinosinusitis by CBCT is possible from the clinical and
radiological point of view. With a tolerable reduction of
imaging quality a dose reduction of more than 90 % at the
lenses and of more than 75 % at the parotid glands can be
achieved. Furthermore, in CBCT the 180° mode is absolutely
appropriate from the aspect of radiation exposure.
Conflict of interest
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3. Güldner C, Diogo I, Windfuhr J et al (2011) Analysis of the fossa
olfactoria using cone beam tomography (CBT). Acta Otolaryngol
131(1):72–78
4. Kurzweg T, Dalchow CV, Bremke M et al (2011) The value of
digital volume tomography in assessing the position of cochlear
implant arrays in temporal bone specimens. Ear Hear
31(3):413–419

Eur Arch Otorhinolaryngol (2013) 270:1307–1315
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a b s t r a c t
Multiple emulsions offer various applications in a wide range of ﬁelds such as pharmaceutical, cosmetics
and food technology. Two features are known to yield a great inﬂuence on multiple emulsion quality and
utility as encapsulation efﬁciency and prolonged stability. To achieve a prolonged stability, the production
of the emulsions has to be observed and controlled, preferably in line. In line measurements provide
available parameters in a short time frame without the need for the sample to be removed from the
process stream, thereby enabling continuous process control. In this study, information about the physical
state of multiple emulsions obtained from dielectric spectroscopy (DS) is evaluated for this purpose.
Results from dielectric measurements performed in line during the production cycle are compared to
theoretically expected results and to well established off line measurements. Thus, a ﬁrst step to include
the production of multiple emulsions into the process analytical technology (PAT) guidelines of the Food
and Drug Administration (FDA) is achieved. DS proved to be beneﬁcial in determining the crucial stopping
criterion, which is essential in the production of multiple emulsions. The stopping of the process at a lessthan-ideal point can severely lower the encapsulation efﬁciency and the stability, thereby lowering the
quality of the emulsion. DS is also expected to provide further information about the multiple emulsion
like encapsulation efﬁciency.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Multiple emulsions of the W/O/W type provide several promising applications in pharmaceutical (Ferreira et al., 1995; Fukushima
et al., 1987), cosmetics (Tadros, 1992; Vasudevan and Naser, 2002)
and food technology (Friberg et al., 2004). However, multiple
emulsions are thermodynamically instable; therefore care has to
be taken during the production of these emulsions to ensure a
prolonged stability, to enable commercial use of the emulsions.
Aside from the chemical composition of multiple emulsions, in
which a sophisticated combination of hydrophilic and hydrophobic
emulsiﬁers is used to achieve a stable emulsion, the physical pro-

Abbreviations: FDA, Food and Drug Administration; PAT, process analytical
technology; W/O/W, water-in-oil-in-water; O/W, oil-in-water; DS, dielectric spectroscopy; ε*, complex permittivity of the emulsion; ε∗c , complex permittivity of
the continuous phase; ε∗d , complex permittivity of the dispersed phase; ˚, volume
fraction of the dispersed phase; ˚m , volume fraction at the maximum packing limit.
∗ Corresponding author at: Wiesenstr. 14, 35390 Giessen, Germany.
Tel.: +49 641 306 2642; fax: +49 641 309 2977.
E-mail address: Sebastian.Beer@kmub.thm.de (S. Beer).
0378-5173/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.ijpharm.2012.10.032

duction process has a big inﬂuence on the prolonged stability of
multiple emulsions (Garti and Aserin, 1996). The production
method used in this study, as reported by Matsumoto et al. (1976),
is a 2-step procedure. In the ﬁrst step, a primary water-in-oil (W/O)
emulsion is prepared under high shear forces. The primary emulsion then is emulsiﬁed in the second step with the outer water
phase under low shear forces to produce the multiple emulsion.
The second step has great inﬂuence on the stability and the overall quality of the emulsion. Too high shear forces or too long
emulsiﬁcation times cause the inner water phase to come into
contact with the outer water phase, thereby reducing the multiple component of the emulsion and ultimately leaving a simple
oil-in-water (O/W) emulsion. On the other hand, too low shear
forces and too short stirring times might leave the emulsion inhomogeneous with very large multiple emulsion droplets, thereby
lowering its stability and its efﬁciency as a multiple emulsion.
Therefore, a method to observe and control the second production step of multiple emulsions to determine the end point of
the emulsiﬁcation process is required. The method must ﬁt well
into the FDA-PAT guidance. The PAT guidance is a framework to
encourage innovations in development, manufacturing and quality
assurance of pharmaceutical products. Through real-time process
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structural composition and the conductivities of the water phases
of the emulsion.
3. Materials and methods
3.1. Preparation of emulsions

Fig. 1. Schematic ␤-dispersion. εr is the relative permittivity; f is the frequency.

control and quality assurance an efﬁcient production cycle is to
be enabled while avoiding the production of poor quality products
(FDA, 2004).
Well established analytical methods of multiple emulsions
include the analysis of viscosity and the observation of the
evolution of droplet sizes via light scattering. However, these
measurements have to be performed off line, which only gives
information about the production after it is ﬁnished and increases
the effort as high temporal resolution is desired. As a solution to
the problems with the established methods, DS is proposed as an
analysis tool. It offers an almost non-invasive, in line measurement
of multiple emulsions during the second emulsiﬁcation step and
it yields information about the conductivity of the different water
phases and about the physical structure of the emulsion.
2. Theoretical background
Dielectric spectroscopy is a measurement technique, where
alternating current ﬁelds at various frequencies are applied to the
sample and the resulting sample response is observed. The sample response is the ability of the material to polarize, namely its
permittivity. The permittivity is measured via capacitance measurements. When a dielectric material is placed between the plates
of a capacitor, the induced polarization in the material weakens the
electric ﬁeld between the plates, thereby increasing the capacity of
the capacitor. The relative permittivity is a dimensionless constant
indicating for a given material at a given frequency the factor by
which the capacity of a capacitor is increased when the material is
placed between the plates instead of a vacuum (Nolting, 2007). As
the permittivity depends on the reorientation of charge, which is a
dynamic process, it shows a frequency dependent behavior.
Depending on the frequency range, in which the permittivity is
observed, it offers information about the molecular or macroscopic
composition of the sample (Asami, 2002). When electric ﬁelds in
the radio frequency (RF) range are applied, the dominant mechanism determining the permittivity of heterogeneous materials is
interfacial polarization. If two insoluble materials of different conductivities build up an interface, charge can be accumulated across
the interface, increasing the permittivity of the heterogeneous sample. At high frequencies, above ca. 100 MHz, the response of the
heterogeneous medium is limited; the electrical ﬁeld changes its
polarity too fast to allow charge accumulation across the involved
interfaces. At lower frequencies, the interfaces become fully polarized, thereby reaching a low frequency plateau. This behavior is
called the ␤-dispersion, an example is indicated in Fig. 1.
The dielectric behavior of W/O/W emulsions in the RF range
can be described as following: The oil phase acts as an insulator
between the inner and the outer water phase, thereby enabling
the accumulation of charge across this interface (Pal, 2008). Thus,
the permittivity of W/O/W emulsions holds information about the

The multiple emulsions were prepared according to a 2-step
procedure, as reported by Matsumoto et al. (1976). The batch volume was 2500 g. Table 1 shows the composition of the multiple
emulsion. The aqueous and the oil phase were heated to 60 ◦ C;
then the inner water phase was added to the oil phase and the
emulsion was homogenized for 120 s using a rotor/stator homogenizer (Diax600, Heidolph, Germany) at 9500 rpm. In the second
step, the outer water phase was slowly added to the chilled primary emulsion under slow stirring at 10–50 rpm (Unimix, Hagen &
Rinau, Germany), until a homogeneous emulsion was obtained.
3.2. Droplet size measurement
The multiple emulsion droplet size and the size distribution
of the multiple W/O/W emulsions were determined using a laser
diffraction particle size analyzer (Mastersizer S, Malvern Instruments, England). The particle size distribution was calculated
according to the Mie theory (Malvern-Instruments, 1997). Measurements were performed directly after sample dilution in glucose
solution.
3.3. Viscosity measurement
Viscosity measurements were performed at 25 ◦ C using a
RheoStress 300 Rheometer (Thermo Haake, France) with a cone
and plate geometry, a diameter of two centimeters and an angle
of 2◦ . The apparent viscosity was measured over a shear rate of
0.1–100 s−1 . Applying shear to multiple emulsion might cause fragmentation of the emulsion. Several studies have shown, that for
W/O/W emulsions with a non-geliﬁed external water phase the
critical shear rate before fragmentation is above 2000 s−1 (Muget
et al., 1999). In this study, microscopic observation after the viscosity measurement conﬁrmed the absence of severe fragmentation
due to the viscosity measurement.
3.4. Dielectric spectroscopy
As a dielectric spectrometer, the iBiomass system (i-Biomass
465, Fogale, France), commonly used for biomass determination
in bioreactors was used. The system measures the permittivity via
a pencil electrode in the range from 180 kHz to 10 MHz. A complete
frequency spectrum is obtained in 15 s. An offset was added to the
measurement system to compensate for the natural occurring permittivity of the outer water phase to observe only relevant changes
of the permittivity during the formation of the multiple emulsion.
4. Results
4.1. Theoretical expectations
The permittivity of emulsions and dispersions has been subject of several studies. Different models have been proposed for
calculating the complex permittivity of simple as well as for double emulsions of core–shell droplet morphology (Pal, 2008; Pauly
and Schwan, 1959). As the multiple emulsions used in this study
have a morphology of multiple emulsion droplets including many
droplets rather than a core–shell morphology, a different approach
was taken. Therefore, the model originally proposed by Nielsen
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Table 1
Composition of the multiple emulsion.
Inner water phase

20%

0.065 M MgSO4 solution (Caelo GmbH, Germany)

Oil phase

20%

Heavy parafﬁn oil
Span 80
Lecithin

15.8% (Fagron GmbH Co. KG, Germany)
4.0% (Croda GmbH, Germany)
0.2% (Caelo GmbH, Germany)

Outer water phase

60%

Steareth-20
Aqua dest

1% (Croda GmbH, Germany)
59%

(1974) for describing the permittivity of dispersions and two-phase
mixtures,
1 + 2((ε∗d − ε∗c )/(ε∗d + 2ε∗c ))˚
ε∗
=
∗
εc
1 − ((ε∗d − ε∗c )/(ε∗d + 2ε∗c ))˚
with



 =1+

1 − ˚m
˚2m

(1)


˚

(2)

was used. ε* is the complex permittivity of the emulsion, ε∗d and
ε∗c the complex permittivity of the dispersed phase and the continuous phase, ˚ is the volume fraction of the dispersed phase. ˚m
is the maximum packing limit of the dispersed particles without
any signiﬁcant deformation. This model was described to approximate the dielectric behavior of heterogeneous systems with a high
volume fraction of dispersed material very well (Pal, 2008).
For calculating the permittivity of multiple emulsions, the complex permittivity of the primary emulsion was calculated using the
Nielsen equation (Nielsen, 1974). The resulting permittivity was
interpreted as the permittivity of the dispersed phase in the multiple emulsion. The complex permittivity of the water phases were
estimated using the Debye model including a conductivity based
loss factor (Pal, 2008):
ε∗ = ε∞ +

εl − ε∞

+
1 + jω
jωε0

(3)

ε∞ = 4.2, εl = 78.5,  = 8.25 × 10−12 s, ε0 = 8.854 × 10−12 , ω is the frein rad/s,  is the conductivity of the aqueous phase in S/m
quency √
and j is −1.
The dielectric constant was expected to be 2.5 for the oil phase
independent from the frequency (Pal, 2008).
To visualize the expected results, the relative permittivity for the
given setup was calculated. The volume fraction of the primary and
the multiple emulsions was 0.5 and 0.4 respectively, the conductivity of the inner water phase was 0.5 S/m, the maximum packing
limit of both emulsions was expected to be 0.6, resembling a disordered statistical close packing (Aste et al., 2005). The frequency
dependent relative permittivity obtained is displayed in Fig. 2.
The magnitude of the dispersion is affected by the combination
of the volume fraction of the inner phase, the volume fraction of

Fig. 2. Relative permittivity of the W/O/W emulsion used in subject of this study,
calculated using the developed model equation (1). εr is the relative permittivity; f
is the frequency.

Fig. 3. Development of the permittivity and the droplet size during a production
cycle.

the multiple emulsion and by the maximum packing limit. As the
volume fractions approach or even surpass the maximum packing
limit, the magnitude of the dispersion increases dramatically.
The frequency range of the dispersion is determined by the conductivity of the inner water phase. As the conductivity shifts to
higher values, the dispersion shifts to higher frequency values.
4.2. Practical results
Before the second production step, the pencil electrode was
incorporated into the outer water phase and offset against the natural occurring permittivity from the water. During the emulsiﬁcation
process, the multiple emulsion droplets entered the measurement
volume of the electrode, thereby increasing the permittivity due to
interfacial polarization.
Fig. 3 shows the development of the permittivity at a measurement frequency of 1 MHz during the second production step
together with the ofﬂine measured droplet size. The stirring speed
was 35 rpm. While the droplet size in the ﬁrst minutes decreased,
the permittivity increased and reached a plateau after 11 min. After
11 min of stirring, the droplet size also reached its minimum and did
not show any further signiﬁcant variation. Fig. 4 shows the development of the conductivity together with the ofﬂine measured
viscosity of the same production cycle. The conductivity started

Fig. 4. Development of the conductivity and the viscosity during a production cycle.
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Fig. 5. Development of the permittivity of 4 production cycles with different stirring
speeds.

to show constant values after 11 min, while the viscosity reached
its maximum at this point. After 15 min, the conductivity started to
increase while the viscosity decreased.
In Fig. 5, time traces of the development of the permittivity of
4 production cycles are shown. All charges were produced under
the same circumstances, i.e. with the same chemical composition,
at the same temperature but with different shear forces. The time
traces of the cycles produced at 10 and 25 rpm show at ﬁrst a low
plateau until at 9 and 10 min respectively the formulation of the
multiple emulsion starts rapidly, which is ﬁnished at 12 and 15 min
respectively. The low plateau could not be observed in the charges
produced at 35 and 50 rpm. The plateau is reached after 7 min for
both charges.
5. Discussion
The in line acquired permittivity values during the homogenization process reﬂect the alternation of the physical properties of the
emulsion. The time where the maximum viscosity and the minimum droplet size was reached is the point where the multiple
emulsion shows its best encapsulation and stability behavior. This
moment can be identiﬁed via the in line permittivity measurement,
as the permittivity reached a plateau at this point. For the presented
W/O/W system, this value is about 350. Thus, this point can be identiﬁed as an in line acquired end point of the emulsiﬁcation process.
When the emulsion is stirred beyond this point, the multiple emulsion starts to degrade. The internal water phase connects gradually
with the outer water phase until ﬁnally a simple O/W emulsion is
obtained. This effect can be seen in Fig. 4. After 20 min of stirring, the
conductivity starts to increase, as the electrolyte containing internal water phase connects with the outer water phase. This effect is
accompanied with a reduction of viscosity.
Fig. 5 indicates the relevance of the online monitoring of the second production step. Depending on the production conditions, the
optimal emulsion parameters are reached after different homogenization times (7 min, 12 min and 15 min). Varying shear forces
were investigated as an example. The cycles produced at lower
shear forces as expected needed longer to reach the plateau. Surprisingly, nearly no difference can be observed between the charges
produced at 35 and 50 rpm. However, the use of in line permittivity measurements as an end point determining criteria ensures
optimal emulsion parameters.
Comparing the practical results with the theoretical expected
results indicates two unexpected behaviors. The calculated dispersion should be centered around 100 MHz, but the measured
dispersion was detected around 1 MHz. There are two possible
explanations for this behavior: Due to a higher electrolyte concentration in the inner water phase, osmosis induced migration of
water from the outer to the internal water phase might take place
(Florence and Whitehill, 1985). This effect reduces effectively the

conductivity of the internal water phase, thereby reducing the frequency of the dispersion. The other explanation is of experimental
nature. The expected width of the dispersion spans about 100 MHz.
The measurement range of the iBiomass system covers 180 kHz to
10 MHz. It is expected, that in this experiment only a part of the
dispersion could be detected.
The other unexpected behavior is the magnitude of the dispersion. The calculated results indicate a magnitude of 3.5, whereas
the measured magnitude is around 350. There are also two possible explanations for this derivation. On the one hand, the described
osmosis induced migration of water into the internal water phase
causes an increase of the volume fraction of the dispersed phase
in the primary and the multiple emulsion; the increase of both
parameters results in an increase of the magnitude of the dielectric
dispersion. On the other hand, the maximum packing parameter
˚m yields a great inﬂuence on the magnitude of the dispersion. As
the volume fraction ˚ approaches or even surpasses ˚m , the magnitude of the dispersion increases dramatically. However, the exact
value of ˚m is unknown, as there is a statistical packing of polydisperse droplets present in this experiment. The current uncertainty
about both parameters ˚ and ˚m is expected to cause the derivation of the magnitude of the dispersion.
6. Conclusion
DS was established as an in line monitoring tool for the production of multiple emulsions. First practical results yielded good
accordance with established ofﬂine analytical methods. The theoretical predictions can be brought into accordance with the
measurements, but the theory still contains uncertain assumptions.
Further experimental optimization will be conducted to achieve a
full understanding of the system.
The method is very promising in order to ﬁt into the PAT guidelines. It provides in line acquired real time data about the physical
state of the emulsion. Thus, the encapsulation efﬁciency as a measure of the product quality might be determined and quantiﬁed
in real time. The method indicates a process end point determined by the state of the product, rather than a time deﬁned end
point. The data also might enable a real time release of the ﬁnal
product.
Almost noninvasive in line permittivity measurements offer an
easy way to determine end point for the homogenization process.
Conductivity measurements also might offer this possibility, however, the end point is not as signiﬁcant as the end point determined
with DS. The value of the method was demonstrated when the
production conditions in form of the stirring speed were altered;
dielectric measurements indicated the stopping criterion. The feasibility of in line monitoring is shown.
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