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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.
2

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



Strahlenschutzmesstechnik



Radonquellstärke und deren Einflussgrößen



Schaltbares Radon-Exposimeter



Spektroskopie von Kernstrahlung



Bewertung von Strahlenrisiken



Messung und Bewertung von Elektromagnetischen Feldern (EMF)
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INSTITUTSMITGLIEDER

Im Oktober 2014 hat es einen Wechsel in der Geschäftsführung des IMPS gegeben. Auf
der 25. Institutsversammlung ist der bisherige stellvertretende Geschäftsführer, Prof. Dr.
Joachim Breckow einstimmig zum Geschäftsführer gewählt worden, der bisherige
Geschäftsführer, Prof. Dr. Klemens Zink, wird einstimmig zum stellvertretenden
Geschäftsführer gewählt. Prof. Dr. Breckow dankt dem Kollegen Zink für die langjährige,
erfolgreiche Arbeit für das Institut.
Professoren:
Prof. Dr. Klemens Zink (Geschäftsführer/stv. Geschäftsführer)
Prof. Dr. Joachim Breckow (stellv. Geschäftsführer/Geschäftsführer)
Prof. Dr. Martin Fiebich
Prof. Dr. Jürgen Koch
Wissenschaftliche Mitarbeiter:
Dipl.‐Ing. Hans Hingmann

M.Sc. Ralph Schmidt

Dipl.‐Ing. Volker Grimm

M.Sc. Philip von Voigts-Rhetz

Dipl.-Phys. Norbert Elvers

M.Sc. Damian Czarnecki

M.Sc. Franz Anton Rößler

Dipl.-Ing. Petar Penchev

Dipl.-Umweltwiss. Gerlinde Grimm

Dipl.-Ing. Sebastian Beer

Dipl.-Ing. Anna-Lisa Grund

Dipl.-Ing. Johannes Voigt

B.Sc. Sara Amalhaf

Dipl.-Inf. Med. Ulf Mäder

B.Sc. Samaneh Emami

Dipl.-Phys. Toke Printz
(Partikelzentrum Marburg)

B.Sc. Mandy Klingebiel
B.Sc. Thomas Neugebauer

Dipl.-Ing. (FH) Yuri Simeonov
(Partikelzentrum Marburg)

Dipl.-Phys. Dariush Uchimura

Diplom-, Bachelor- und Masterstudenten:
B.Sc. Sara Amalhaf

Dipl.-Ing. Jan Michael Burg

B.Sc. Julia Baasner

Dipl.-Ing. Tina-Ojevwe Orovwighose

B.Sc. Thomas Neugebauer

M.Sc. Tahar Azzam Jai

B.Sc. Svenja Schäfer

B.Sc. Rene Franke

B.Sc. Niklas Schmitz-Beuting

Dipl.-Ing. Alexandra Raststätter

cand. B.Sc. Nils Jost

Dipl.-Ing. Evelyn Bohrer

cand. B.Sc. Samaneh Emami

Dipl.-Ing. Arwin Beshgaard

cand. B.Sc. Jonas Buermeyer

B.Sc. Oliver Schrenk

cand. Ing. Susanee Sathit

Dipl.-Ing. Ronja Schiller

Dipl.-Ing. Matthias Witt

B. Sc. Alexandra Garg

B.Sc. Nina Langner

cand. ing. Martin Kolodziej

IMPS-Tätigkeitsbericht 2014

5

B.Sc. Kilian Baumann
B.Sc. Rene Becka

Alexander Spizyn (stud. Hilfskraft)

B.Sc. Felix Horst

Izabella Anna Zahradnik (stud.
Hilfskraft)

B.Sc. Robin Etzel

Joy Devendranath (stud. Hilfskraft)

B.Sc. Fabian Göpfert

Vivienne Walpert (stud. Hilfskraft)

Dipl.-Ing. Simon Howitz

Christoph Jakobi (stud. Hilfskraft)

Dipl.-Ing. Daniel Rühl

4

LEHRVERANSTALTUNGEN

















Modul 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)
Dosimetrie ionisierender Strahlung (2 SWS, Masterstudiengang Medizinische
Physik, Prof. Dr. K. Zink)
Numerische Verfahren und Simulation (2 SWS, Masterstudiengang
Medizinische Physik, Prof. Dr. M. Fiebich)
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)
Radioökologie (2 SWS, Bachelorstudiengang UHSI, Prof. Dr. J. Koch)
Radiochemie (2 SWS, Masterstudiengang Medizinische Physik, Prof. Dr. J.
Koch)
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Kerntechnik (4 SWS, Bachelorstudiengänge Maschinenbau, Energiesysteme
und Ingenieurwissenschaften (dual), Prof. Dr. J. Koch)
Physik 3 (4 SWS, Bachelorstudiengang BMT, Prof. Dr. J. Breckow)
Biophysik (4 SWS, Bachelorstudiengänge BMT und BT/ BPT, Prof. Dr. J.
Breckow)
Strahlenbiologie (2 SWS, Masterstudiengang Medizinische Physik, Prof. Dr. J.
Breckow)
Praktikum „Strahlenmesstechnik“ (3 SWS, Dipl. -Ing. H. Hingmann, Dipl. -Ing. V.
Grimm )
Laborpraktikum (4 SWS, Masterstudiengang Medizinische Physik, Prof. Dr. J.
Breckow, Prof. Dr. K. Zink, Prof. Dr. M. Fiebich)
Projektarbeit (4 SWS, Masterstudiengang Medizinische Physik, Prof. Dr. J.
Breckow, Prof. Dr. K. Zink, Prof. Dr. M. Fiebich)

5

DIPLOM-, BACHELOR UND MASTERARBEITEN

5.1

AM IMPS DURCHGEFÜHRTE ARBEITEN

DIPLOMARBEITEN


Martin Kolodziej: Entwicklung von Analyseprozessen zur Auswertung
radiologischer Untersuchungsparameter. (Betreuer: Prof. Dr. Fiebich)



Stefan
Benjamin
Schäfer:
Entwicklung
und
Umsetzung
von
Optimierungsverfahren in der Computertomographie. (Betreuer: Prof. Dr.
Fiebich)



Asmaa Habsaouri: Einfluss definierter Inhomogenitäten auf die Bildqualität bei
SPECT. (Betreuer: Prof. Dr. Fiebich)



Daniel Rühl: Einsatzmöglichkeiten von Rapid Prototyping Verfahren für die
Herstellung von Prüfkörpern für digitale Mammographiesysteme. (Betreuer: Prof.
Dr. Fiebich)

BACHELORARBEITEN


Samaneh Emami: Systemtheoretische
Modellierung von Radon-LuftTransporten in Wohnräumen – Das „Zwei-Raum-Modell“. (Betreuer: Prof. Dr.
Breckow / Dipl.-Ing. Grimm)



Andreas Hahn: Das Medikament Venofer in der Magnetresonanztomographie.
(Betreuer: Prof. Dr. Fiebich)



Iheb Sdiri: Die Bestimmung der Strahlenexposition von Cone-Beam Systemen
der Strahlentherapie am OBI und DVT im Vergleich zur Computerthomografie.
(Betreuer: Prof. Dr. Fiebich)

MASTERARBEITEN


Sara Amalhaf: Das Detriment „Schadensmaß“ im Strahlenschutz. (Betreuer:
Prof. Dr. Breckow / Prof. Dr. Koch)



Matthias Witt: Modulationseffekte von Kohlenstoffionen bei der Bestrahlung von
Lungen. (Betreuer: Prof. Dr. Zink / Dr. Uli Weber)

IMPS-Tätigkeitsbericht 2014
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Oliver Schrenk: Monte Carlo basierte Evaluation fluenzmodulierter
Bestrahlungspläne. (Betreuer: Prof. Dr. Zink / M.Sc. Damian Czarnecki)



Marie-Alexandra Rastädter: Eine Untersuchung zu den Einflüssen der
Bildverarbeitung auf den Standard Uptake Value. (Betreuer: Prof. Dr. Fiebich)

5.2

EXTERNE ARBEITEN

BACHELORARBEITEN


Felix Ernst Horst: Röntgenspektrometrie am Petawattlaser PHELIX (GSIHelmholtzzentrum für Scherionenforschung GmbH, Betreuer: Dr. G.
Fehrenbacher, Prof. Dr. K. Zink)

MASTERARBEITEN


Dominik Blum: Implementierung zweier pharmakokinetischer Modelle zur
Analyse von DCE-MRT-daten und deren Integration in die Strahlentherapieplanung
(Sektion für Biomedizinische Physik – Universitätsklinik für Radioonkologie
Tübingen, Betreuer: PD Dr. rer. nat. Daniela Thorwarth, Prof. Dr. Zink)



Ronja Schiller: MAGIC-GEL: Untersuchung der strahlenphysikalischen
Eigenschaften des polymeren Gel-Dosimeters für die Strahlentherapie (Klinik für
Strahlentherapie, Universitätsklinikum Marburg, Betreuer: Prof. Zink, Dipl.-Ing.
(FH) Frank Ubrich, M.Sc.)



Ann-Katrin Koch: Verifikation eines Monte Carlo Dosisberechnungssystems
(Betreuer: Prof. Dr. Zink)

6

PROMOTIONSVERFAHREN
Die folgenden Promotionsverfahren werden am IMPS betreut (kooperative
Promotionen):


Rebecca Grün: Impact of tissue specific parameters on the prediction of the
biological effectiveness for treatment planning in ion beam therapy
Kooperative Promotion am Fachbereich Medizin der Universität Marburg.
Betreuer: Prof. Dr. K. Zink / Prof. Dr. R. Engenhart-Cabillic (Abschluss 2014)



Philip von Voigts-Rhetz: Monte Carlo basierte Untersuchungen zur
Ionisationsdosimetrie in klinischen Elektronenfeldern. Kooperative Promotion am
Fachbereich Medizin der Universität Marburg. Betreuer: Prof. Dr. Hilke Vorwerk,
Prof. Dr. Klemens Zink



Simon Howitz: Monte Carlo basierte Untersuchungen der Tomotherapie
bezüglich der Absolutdosimetrie und der Patienten-QA. Kooperative Promotion
am Fachbereich Medizin der Universität Marburg. Betreuer: Prof. Dr. Hilke
Vorwerk, Prof. Dr. Klemens Zink



Toke Printz Ringbaek: Passive ion beam modulation for particle therapy
facilities utilizing active pencil beam scanning delivery systems. Kooperative

IMPS-Tätigkeitsbericht 2014
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Promotion am Fachbereich Medizin der Universität Marburg. Betreuer: Prof. Dr.
Rita Engenhart-Cabillic, Prof. Dr. Klemens Zink


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

7

TAGUNGEN / EXKURSIONEN


SPIE Medical Imaging vom 15. bis 20. Februar 2014, San Diego/USA



Hessischer Referententag, 01.04.2014 in Kassel.



59. Radiometrisches Seminar, 25.04.2014 in Theuern.



CHERNE 2014 Workshop, 26.05. -28.05.2014 in Thessaloniki (Griechenland).



95. Jahrestagung der Deutschen Röntgengesellschaft vom 27. bis 31. Mai
2014, Hamburg



4th European IRPA Congress, 23.06. -27.06.2014 in Genf.



28. International Congress CARS – Computer-Assisted Radiology and
Surgery vom 25. bis 28. Juni in Fukuoka/Japan



BfS-Radon-Fachgespräch, 01.07. - 02.07.14 in Berlin.



9th International Topical Meeting on Industrial Radiation and Radioisotope
Measurement Applications, 06.07.-11.07.14 in Valencia (Spanien).



56. Jahrestagung der AAPM vom 20. – 24. Juli 2014 in Austin / USA.



International Conference on High Levels of Natural Radiation and Radon
Areas, 01.09.- 05.09.14 in Prag.



Dreiländertagung der DGMP vom 07. – 10. September 2014 in Zürich



Sächsischer Radontag: 09.09.2014 in Dresden.



Fourth Regional Congress of IRPA for Africa Region, 13.09.-17.09.14 in
Rabat (Marokko).



FS – Symposium „Zwischenlager-Dauerlager-Endlager“, 22.09.- 24.09.14 in
Mainz.
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International Symposium on the Natural Radiation Environment, 23.09.26.09.14 in Hirosaki (Japan).



48. Jahrestagung der Deutschen Gesellschaft für Biomedizinische
Technik vom 8. Bis 10. Oktober 2014 in Hannover



60. Radiometrisches Seminar, 17.10.2014 in Theuern.



3rd FLUKA Advanced Course and Workshop vom 01. – 05.12.2014 in
Frascati/Italien



100. Annual Meeting of the Radiological Society of North America vom 29.
November bis zum 5. Dezember 2014 in Chicago/USA



Japan Health Physics Society Conference: 18.12.2014 University of Tokyo
(Japan).



Exkursion zur Wiederaufarbeitungsanlage Karlsruhe (WAK) am 24.01.2014



Exkursion zur CeBIT am 24.01.2014 in Hannover



Exkursion zur Fa. Siemens Medical Systems + Fa. IBA dosimetry am
24.01.2014 mit Studierenden des Masterstudiengangs Medizinische Physik

8

DRITTMITTELFINANZIERTE UND ANTRAGSGEBUNDENE PROJEKTARBEITEN


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. K. Zink, Förderumfang 175.000 €, Laufzeit 2013 –
2015, Projektträger: BMWi - Zentrales Innovationsprogramm Mittelstand (ZIM) Förderkennzeichen: KF2829804AK2



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 2014: 70.000,- €



Untersuchung des Einflusses baulicher Energiesparmaßnahmen auf die
Radonkonzentration in Innenräumen
Projektleitung: Prof. Dr. J. Breckow, Förderumfang: 235.000 €, Laufzeit: 20112014, Projektträger: Bundesamt für Strahlenschutz



Radiologisches Forschungsvorhaben und Fachgutachten „Radonquellstärke von Gebäuden“
Projektleiter: Prof. Dr. J. Breckow, Förderumfang: 33.800,- €, Laufzeit: 11/2014
– 6/2015, Projektträger: Hessisches Ministerium für Umwelt, Klimaschutz,
Landwirtschaft und Verbraucherschutz (HMUKLV)



„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“

IMPS-Tätigkeitsbericht 2014
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Projektleiter: Prof. Dr. M. Fiebich. Laufzeit: 2012 – 2014, Projektträger:
Bundesamt für Strahlenschutz zusammen mit der Ärztlichen Stelle Hessen


„Bioniq – Biomedical Engineering in Northern Iraq“
Projektleiter: Prof. Dr. M. Fiebich, Laufzeit: 2014 – 2015, Projektträger: DAAD
HSP2-A-Projekt
Nr.
57083213

8.1

ANDERE PROJEKTE
 Entwicklung eines automatisch schaltbaren Radonexposimeters "Auraex"
Unter der Leitung von Dipl.-Ing. V. Grimm ist ein schaltbares, kleines und leicht
zu handhabendes Gerät zur Messung der Radonkonzentration in Innenräumen,
das Radonexposimeter "Auraex" entstanden. Den Projektabschluss bildete die
Entwicklung eines funktionstüchtigen Prototyps.
Einer der Partner unseres derzeitigen Projekts, das Institut für
Strahlenforschung des Karlsruher Instituts für Technologie (KIT), wird seine
Vertriebswege nutzen, um auch das "Auraex" bei Anwendern von Personenund Ortsdosimetern zu verbreiten. Damit wird unser Institut und unsere
Hochschule, deren Logo es trägt, als Anbieter von Radonmessverfahren und
entsprechender Dienstleistung weiter bekannt machen.
Das "Auraex" wird in einer Stückzahl von etwa 100 produziert und über den
erwähnten Verteilerweg zu verbreitet.


Radioaktivität in Baustoffen
Projektleiter: Prof. Dr. Joachim Breckow. Das Projekt läuft im Rahmen der
Eigenforschung, Ziel ist es mit Hinblick auf die bis 2018 umzusetzende EUGrundnorm 2013/59/EURATOM Baustoffe aus der Region hinsichtlich ihres
Radioaktivitätsgehaltes und der Radonexhalation zu untersuchen.



Bestimmung der Gesamt-Alpha-Aktivitätskonzentration in Oberflächengewässern
Projektleiter: Prof. Dr. Joachim Breckow, in Zusammenarbeit mit dem Institut für
Bodenkunde der Justus-Liebig-Universität Gießen. Ziel ist es festzustellen, ob
in Industrienähe gelegene Gewässer in der Türkei eine erhöhte Gesamt-AlphaAktivität aufweisen. Daraus ließe sich folgern, dass Uran und deren
Folgeprodukte aus den Industrien in die Gewässer gelangt sind.
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KOOPERATIONSPARTNER FORSCHUNGSVERBÜNDE 2014


Universitätsklinikum Gießen-Marburg, Klinik
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
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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



Bundesamt für Strahlenschutz (BfS)



Institut für Bodenkunde, Universität Gießen



Firma UBERA, Gießen



Firma Saphymo, Frankfurt am Main.



Firma rz-robotics, Gießen

PUBLIKATIONEN/VORTRÄGE

10.1 PUBLIKATIONEN IN ZEITSCHRIFTEN (PEER REVIEW)
AUTOREN, TITEL, ZEITSCHRIFT


Rößler FA, Azzam Jai T, Grimm V, Hingmann H, Orovwighose T,
Jach N, Schanze T, Breckow J
First steps in the development of a possible measurement method to
estimate the radon concentration as an indicator of the indoor air
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quality.
Nuclear technology & radiation protection 29 Suppl. (2014) 52-58
Rößler FA
Radonkonzentration als Indikator für die Raumluftqualität.
Strahlenschutzpraxis 01/14, S 56-61 (2014).

-



Zink K, Czarnecki D, Looe H K, von Voigts-Rhetz P, Harder D
Monte Carlo study of the depth-dependence fluence perturbation in
parallel-plate chambers in electron beams
Med. Phys. 41 (2014) 111707; doi: 10.1118/1.4897389

3.012



Witt M, Weber U, Kellner D, Engenhart-Cabillic R, Zink K
Optimization of the stopping-power-ratio to Hounsfield-value
calibration curve in proton and heavy ion therapy
accepted for publication in Z. Med. Phys. (2014);
doi: 10.1016/j.zemedi.2014.11.001

2.963



Vorwerk H, Zink K, Wagner D H, Engenhart-Cabillic R.
Making the right software choice for clinically used equipment in
radiation oncology.
Rad. Oncol. 9 (2014) 145; doi: 10.1186/1748-717X-9-145

2.36



Vorwerk H, Zink K, Schiller R, Budach V, Böhmer D, Kampfer S, Popp
W, Sack H, Engenhart-Cabillic R
Protection of quality and innovation in radiation oncology: The
prospective multicenter trial of the German Society of Radiation
Oncology (DEGRO-QUIROW),
Strahlenther. Onkol. 190 (2014) 433-443, doi: 10.1007/s00066-0140634-0

2.914



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. 190 (2014) 310-316; doi: 10.1007/s00066-0130483-2

2.914



Ubrich F, Wulff J, Engenhart-Cabillic R, Zink K
Correction factors for source strength determination in HDR
brachytherapy using the in-phantom method.
Z Med Phys 24 (2014) 138-152; doi: 10.1016/j.zemedi.2013.08.001

2.963



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 24 (2014) 216-223; doi: 10.1016/j.zemedi.2013.12.001

2.963



Hild S, Graeff C, Trautmann J, Kraemer M, Zink K, Durante M, Bert C.
Fast optimization and dose calculation in scanned ion beam therapy.
Med. Phys. 41 (2014) 071703; doi: 10.1118/1.4881522

3.012



Schäfer S, Alejandre-Lafont E, Schmidt T, Gizewski ER, Fiebich M,
Krombach GA.
Dose Management for X-Ray and CT: Systematic Comparison of
Exposition Values from Two Institutes to Diagnostic Reference Levels

-
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and Use of Results for Optimisation of Exposition.
Röfo. 2014 Aug;186(8):785-94. doi: 10.1055/s-0033-1356425. Epub
2014 Apr 1


10.2

Neubauer J, Voigt JM, Lang H, Scheuer C, Goerke SM, Langer M,
Fiebich M, Kotter E.
Comparing the Image Quality of a Mobile Flat-Panel Computed
Tomography and a Multidetector Computed Tomography: A Phantom
Study.
Invest Radiol. 2014 Jul;49(7):491-7. doi:
10.1097/RLI.0000000000000042

4.437

BÜCHER UND BUCHBEITRÄGE



Hoffmann KR, Noël PB, Fiebich M
Cone Beam Computed Tomography - Chapter 7: 3D Image Processing, Analysis,
and Visualization.
Editor: Chris C. Shaw. Taylor & Francis (2014)



Nasirudin RA, Penchev P, Mei K, Rummeny EJ, Fiebich M, and Noël PB
A comparison of simulation tools for photon-counting spectral CT.
Proc. SPIE 9033, Medical Imaging 2014: Physics of Medical Imaging, 90334W
(March 19, 2014); doi:10.1117/12.2043538

10.3

SONSTIGE VERÖFFENTLICHUNGEN



Voigt, J., Güldner, C., Fiebich, M.
Qualitätssicherung bei der Cone-Beam-Computertomographie.
mt-Medizintechnik 134, S. 211-215 (2014)



Fiebich, M., Schopphoven, S., Rühl, D., Mäder, U.
Reproduzierbare Herstellung patientenähnlicher Prüfkörper für die
Röntgendiagnostik mittels 3D-Druckverfahren.
mt-Medizintechnik 134, S. 141-145 (2014)

10.4

TAGUNGSBEITRÄGE, ABSTRACTS



Bauch U, Weber U, Bliedtner J, Möhwald M, schilling M, Brick U, Zink K.
3D-Druck von großflächigen Objekten feiner Periodizität.
Vortrag auf der Tagung 3D-Druck & Industrie, Mitteldeutsches Forum Rapid
Technologien, 17. September 2014, Jena



Witt M, Weber U, Engenhart-Cabillic R, Zink K
Range-modulation effects of carbon ion bragg peaks in porcine lungs.
Vortrag auf der Dreiländertagung Medizinische Physik SGSMP-DGMP-ÖGMP,
ISBN: 987-3-9816508-5-3, Zürich 2014, S. 286-288



Jach N, Czarnecki D, Zink K
Monte Carlo based calculation or perturbation factors for parallel-plate ionization
chambers in high energy photon beams.
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Vortrag auf der Dreiländertagung Medizinische Physik SGSMP-DGMP-ÖGMP,
ISBN: 987-3-9816508-5-3, Zürich 2014, S. 184-186


von Voigts-Rhetz, Czarnecki D, Zink K
Perturbation corrections for parallel plate chambers in clinical electron beams: a
reiteration of a historical experiment.
Vortrag auf der Dreiländertagung Medizinische Physik SGSMP-DGMP-ÖGMP,
ISBN: 987-3-9816508-5-3, Zürich 2014, S. 182-183
Ausgezeichnet mit einem DGMP Reisestipendium 2014



Printz Ringbaek T, Brons N, Naumann J, Ackermann B, Thomson B, Bassler N,
Zink K, Weber U
Evaluation of new 2D rippple filters for particle therapy facilities.
Vortrag auf der Dreiländertagung Medizinische Physik SGSMP-DGMP-ÖGMP,
ISBN: 987-3-9816508-5-3, Zürich 2014, S. 29-30



Czarnecki D, von Voigts-Rhetz P, Zink K
A study of ionization chamber perturbation corrections in flattening filter free
beams.
Vortrag auf der Dreiländertagung Medizinische Physik SGSMP-DGMP-ÖGMP,
ISBN: 987-3-9816508-5-3, Zürich 2014, S. 16-18
Ausgezeichnet mit einem DGMP Reisestipendium 2014



von Voigts-Rhetz P, Anton M, Zink K
Determination of the relative response of alanine dosimeters in Ir-192 HDR photon
fields.
Poster auf der Dreiländertagung Medizinische Physik SGSMP-DGMP-ÖGMP,
ISBN: 987-3-9816508-5-3, Zürich 2014, S. 471-472



Schmidt R, Wulff J, Zink K
Influence of surrounding material on CTDI values.
Poster auf der Dreiländertagung Medizinische Physik SGSMP-DGMP-ÖGMP,
ISBN: 987-3-9816508-5-3, Zürich 2014, S. 461-462



Uchimura Shishechian D K, Penchev P, von Voigts-Rhetz P, Schmidt R, Zink K
Dose reconstruction from EPID images using position deoendent point spread
functions based on Monte Carlo simulations.
Poster auf der Dreiländertagung Medizinische Physik SGSMP-DGMP-ÖGMP,
ISBN: 987-3-9816508-5-3, Zürich 2014, S. 383-385



Schrenk O, Czarnecki D, Zink K
Application of an Elekta Precise BEAMnrc model with dynamic multileaf collimator
for Monte Carlo simulation of dynamic radiotherapy treatment plans.
Poster auf der Dreiländertagung Medizinische Physik SGSMP-DGMP-ÖGMP,
ISBN: 987-3-9816508-5-3, Zürich 2014, S. 352-353



von Voigts-Rhetz P, Czarnecki D, Zink K
On the perturbation factor pcav of the Markus parallel plate ion chamber in clinical
electron beams – Monte Carlo based reiteration of a historical experiment
Poster auf dem 56th Annual Meeting der American Association of Physicists
in Physicists (AAPM), Austin/Texas, 20.-24. Juli 2014



Weber U, Kraft G, Zink K
Benefit of Reducing the Distance between Patient and Nozzle and Usage of a
Range Shifter.
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Vortrag auf der 53th Annual Conference of the Particle Therapy Co-Operative
Group (PTCOG), Shanghai/China, 8. - 14. Juni 2014


Ringbaek T P, Brons S, Naumann J, Ackermann B, Thomsen B, Bassler N, Zink K,
Weber U
Evalution of New 2D Ripple Filters for Particle Therapy Facilities.
Vortrag auf der 53th Annual Conference of the Particle Therapy Co-Operative
Group (PTCOG), Shanghai/China, 8. - 14. Juni 2014



Weber U, Witt M, Engenhart-Cabillic R, Zink K
Modulation Effects of Carbon Beams Traversing Lung-tissue.
Poster auf der 53th Annual Conference of the Particle Therapy Co-Operative
Group (PTCOG), Shanghai/China, 8. - 14. Juni 2014



Grün R, Friedrich Th, Krämer M, Zink K, Durante M, Engenhart.Cabillic R, Scholz
M
The Choice of the Optimal Ion Type for Ion Beam Therapy: A Model Based Study.
Poster auf der 53th Annual Conference of the Particle Therapy Co-Operative
Group (PTCOG), Shanghai/China, 8. - 14. Juni 2014



Witt M, Weber U, Engenhart-Cabillic R, Zink K
Modulationseffekte von C-12 Strahlung bei der Bestrahlung der Lunge.
Poster auf der 20. Jahrestagung der Deutschen Gesellschaft für Radioonkologie,
Düsseldorf, Strahlentherapie und Onkologie 190 (2014) 107



Hüttenrauch P, Witt M, Wolff D, Bosold S, Engenhart-Cabillic R, Sparenberg J,
Vorwerk H, Zink K
Target volume coverage and dose to organ at risk in prostate cancer patients dose calculation on daily cone-beam CT data sets.
Poster auf der 20. Jahrestagung der Deutschen Gesellschaft für Radioonkologie,
Düsseldorf, Strahlentherapie und Onkologie 190 (2014) 42



Vorwerk H, Zink K, Budach V, Böhmer D, Kampfer S, Popp W, Sack H,
Engenhart-Cabillic R
Zeitbedarf bei einer konventionellen IMRT - DEGRO QUIRO Trial.
Vortrag auf der 20. Jahrestagung der Deutschen Gesellschaft für Radioonkologie,
Düsseldorf, Strahlentherapie und Onkologie 190 (2014) 6



Rößler FA
Radon concentration as an indicator of the indoor air quality – Development of an
efficient measurement method.
4th European IRPA Congress, 23.06. -27.06.2014, Geneva



Grund A-L
Einfluss von energetischen Sanierungsmaßnahmen auf die Radon-Konzentration
in Wohnräumen.
Sächsischer Radontag, 09.09.2014 Dresden



Zahradnik I
Radon in Germany
Japan Health Physics Society Conference, 18.12.2014 University of Tokyo
(Japan).



Grimm V, Orovwighose T:
The automated Radonexposimeter "au.raex".
4th European IRPA Congress, 23.06. -27.06.2014, Geneva
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Amalhaf S, Breckow J
The Detriment in Radiation Protection.
Fourth Regional Congress of IRPA for Africa Region, 13.09.-17.09.14, Rabat
(Marokko)



Zahradnik I, Grund, A-L, Grimm G, Grimm V, Rößler FA, Buermeyer J, Breckow J
Impact of energy-saving measures on the radon concentration in dwellings.
International Symposium on the Natural Radiation Environment, 23.09. - 26.09.14,
Hirosaki (Japan)



Fiebich M
Modern Medical Imaging in Radiology.
Biomed Tech 2014; 59 (s1) © 2014 by Walter de Gruyter • Berlin • Boston. DOI
10.1515/bmt-2014-5005



Bohrer E, Fiebich M
Reduction of uterus dose in chest computed tomography by using a lead apron.
Dreiländertagung Medizinische Physik SGSMP-DGMP-ÖGMP, ISBN: 987-39816508-5-3, Zürich 2014, S. 84-85



Voigt JM, Güldner C, Fiebich M
Observers needs in diagnostic CT image quality.
Dreiländertagung Medizinische Physik SGSMP-DGMP-ÖGMP, ISBN: 987-39816508-5-3, Zürich 2014, S. 91-92



Mäder U, Quiskamp N, Mayser P, Runkel F, Fiebich M
Image processing system fort he evaluation of fungal infections oft he skin in
fluorescence microscopy images.
Dreiländertagung Medizinische Physik SGSMP-DGMP-ÖGMP, ISBN: 987-39816508-5-3, Zürich 2014, S. 94-95



Etzel R, Fiebich M
Retrospective four-dimensional analysis of magnetic resonance imaging data in
lung ventilation studies.
Dreiländertagung Medizinische Physik SGSMP-DGMP-ÖGMP, ISBN: 987-39816508-5-3, Zürich 2014, S. 266-267



Rastädter A, Fiebich M
PET/CT-based image processing method for the determination of the Variance of
Standardized Uptake Value (SUV) in assessing response to therapy of patients
with bronchial carcinoma.
Dreiländertagung Medizinische Physik SGSMP-DGMP-ÖGMP, ISBN: 987-39816508-5-3, Zürich 2014, S. 84-85



Borowski M, Fiebich M, Caruana C, Bosmans H, Sharp P
Eutempe-RX, an EC supported FP7 project for the Training and Education of
Medical Physics Experts in Radiology.
Dreiländertagung Medizinische Physik SGSMP-DGMP-ÖGMP, ISBN: 987-39816508-5-3, Zürich 2014, S. 84-85



Walz M, Hermen J, Madsack B, Kolodziej M, Borowski M, Bressel S, Bender T,
Simmler R, Fiebich M, Richter C, Kolder R, Weisser G
IVEU-Projekt: Erfassung und Auswertung von DICOM – Header – Daten,
Strahlenexpositionen und Untersuchungsparametern bei Ärztlichen Stellen und
Strahlenanwendern.
Fortschr Röntgenstr 2014:186: S. 63, ISS1433-5972
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10.5

Pabst SE, Laffolie JD, Hamscho N, Stracke H, Fiebich M, Krombach GA
Dosisreduktion anhand der Modifikation der Belichtungsparameter am neonateln
Thoraxphantom.
Fortschr Röntgenstr 2014:186: S. 289, ISS1433-597

EINGELADENE VORTRÄGE



J. Breckow: Das Schadensmaß im Strahlenschutz, Strahlenschutz-Jahrestagung
des Hessischen Umweltressorts, 01.04. 2014, Kassel.



J. Breckow: Gesundheitsrisiken/ Epidemiologie des Radons, Workshop des
Landesamts für Umwelt des Freistaats Sachsen, 07.10.2014, Reinhardtsgrimma.



J. Breckow: Einstein und sein Einfluss auf das heutige Weltbild, Technische
Hochschule Mittelhessen/ IMPS-Seminar, 05.11.2014, Gießen.



M. Fiebich: Strahlenschutz bei fluoroskopischen Untersuchungen und
Interventionen. Vorgetragen bei den Frühjahrskursen der Vereinigung
Südwestdeutscher Radiologen und Nuklearmediziner (VSRN) 2014 als
Refresherkurs, Februar 2014, Karlsruhe



M. Fiebich: DVT als Alternative zum CT? - Bildqualität und Strahlenexposition.
Vorgetragen beim 95. Deutschen Röntgenkongress 2014 als Refresherkurs, Mai
2014, Hamburg



M. Fiebich: Strahlenexposition und Strahlenschutz. Vorgetragen beim 95.
Deutschen Röntgenkongress 2014 als Refresherkurs, Mai 2014, Hamburg



M. Fiebich: Fortschritte in der Computertomographie – Bildqualität und
Strahlenexposition. Vorgetragen bei der 48. Jahrestagung der Deutschen
Gesellschaft für Biomedizinische Technik, Oktober 2014, Hannover



M. Fiebich: Grundbegriffe der Informationstechnologie (RIS/PACS / DICOM).
Vorgetragen beim Technologieseminar für Radiologen in der Weiterbildung,
November 2014, Hamburg



K. Zink: Protonen vs. IMRT. Vorgetragen auf dem V. IMRT Symposium
Sondershausen, 24. - 25. Oktober 2014, Sondershausen



K. Zink: Recent developements in dosimetry. Vorgetragen auf der
Dreiländertagung Medizinische Physik SGSMP-DGMP-ÖGMP, Zürich 2014
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Preise und Auszeichnungen
"editor's pick" Medical Physics 2014
Die Publikation:
Zink K, Czarnecki D, Looe H K, von Voigts-Rhetz P, Harder D
Monte Carlo study of the depth-dependence fluence perturbation in parallel-plate
chambers in electron beams
Med. Phys. 41 (2014) 111707; [IF: 3.012]
http://dx.doi.org/10.1118/1.4897389
ist vom Herausgebergremium der Zeitschrift Medical Physics als "editor's
pick 2014" ausgezeichnet worden.
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Der Posterbeitrag:
Zahradnik I, Grund, A-L, Grimm G, Grimm V, Rößler FA, Buermeyer J, Breckow J:
Impact of energy-saving measures on the radon concentration in dwellings
ist auf dem International Symposium on the Natural Radiation Environment,
23.09. - 26.09.14, Hirosaki (Japan) als beste Posterpräsentation
ausgezeichnet worden.
11.1

IMPS-PREISTRÄGER
In jedem Jahr wird vom IMPS eine herausragende Abschlussarbeit im Bereich der
Medizinischen Physik und des Strahlenschutzes ausgezeichnet:
Dariush Ken Uchimura:
Dose reconstruction from EPID images basedon Monte Carlo simulations
Diplomarbeit am Fachbereich Physik der Universität Marburg, durchgeführt in der
Arbeitsgruppe Prof. Dr. Zink am IMPS

12


VERANSTALTUNGEN
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 2014

Termin Thema
09.04.14 Neue Verfahren zur Thermoablation von Schilddrüsenknoten
23.04.14
07.05.14
21.05.14
04.06.14

18.06.14
09.07.14

30.07.14

Vortragende/r
PD Dr. Dr. Hüdayi
Korkusuz
Uniklinik Frankfurt
Röntgenspektrometrie am
Felix Horst
Petawatt- laser PHELIX
IMPS
Dosimetrie ausgleichsfilter-freier
Damian Czarnecki
Linearbeschleuniger
IMPS
Die Asse : Entsorgung radioaktiver Dr. Rainer Gellermann
Abfälle in der Sackgasse?!
nuclear-cc, Braunschweig
Der Dosis- und DosisleistungsProf. Dr. Joachim
Effektivitätsfaktor DDREF
Breckow
IMPS
Mehrkanalspulen für die
Mark Schuppert
Magnetresonanztomographie
JGU Mainz
Radon als Heilmittel
Julia Baasner
IMPS
Imaging Ring - Von der Idee bis zur Daniel Kellner
ersten Rekonstruktion
Inst. Research and
Development on
Advanced Radiation
Technologies, Salzburg
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Programm Wintersemester 2014

Termin

Thema

Vortragende/r

15.10.14 Monte-Carlo basierte Evaluation
Oliver Schrenk
fluenzmodulierter Bestrahlungspläne IMPS
5.11.14

Einstein und sein Einfluss auf das
heutige Weltbild

Qualitäts- und Dosismanagement:
19.11.14 Erfassung und Auswertung der
Metadaten von DICOM-Bildern

Prof. Dr. Joachim
Breckow
IMPS
Martin Kolodziej Ärztliche
Stelle Hessen, Frankfurt

Messung des Bremsvermögens von
Wasser für Kohlenstoff-Ionen im
03.12.14
Energiebereich von 1 MeV bis 6
MeV
Quantification of an external motion
17.12.14 surrogate in lung cancer radiation
therapy

Johannes Rahm
PTB, Braunschweig

14.01.15 Diffusionsverhalten von Radon in
biologischen Geweben

Julia Baasner
IMPS

Einfluss baulicher Energiespar28.01.15 maßnahmen auf die Radonkonzentration in Innenräumen

Anna-Lisa Grund
IMPS
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Wissenschaftliche Gesellschaften und Gremien



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



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



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 im Normenausschuss Radiologie (NAR) des
Deutschen Instituts für Normung (DIN) (seit 2006)



Prof. Dr. M. Fiebich: Vorstandsmitglied der Deutschen Gesellschaft für
Medizinische Physik (DGMP)



Prof. Dr. M. Fiebich: Mitglied des Fachgremiums Medizinphysik der Ärztlichen
Stelle Hessen (seit 2001)



Prof. Dr. M. Fiebich: Mitglied des Programmkomitees CARS (seit 2007)



Prof. Dr. M. Fiebich: Mitglied des Ausschusses A410 „Messunsicherheiten“ der
Strahlenschutzkommission



Prof. Dr. 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. Breckow: Vorsitzender des Ausschusses "Strahlenrisiko" (2002 bis
2004, Mitglied seit 1994, dienstältestes Mitglied des Ausschusses).



Prof. Dr. Breckow: Mitglied des "Steering Committee on the German Uranium
Mining Studies" (seit 1998)



Prof. Dr. Breckow: Vorsitzender der AG "Dosis- und
Dosisleistungsreduktionsfaktor, DDREF" (seit 2009)



Prof. Dr. Breckow: Vizepräsident des Fachverbands für Strahlenschutz (seit
2014).



Prof. Dr. Breckow: Direktoriumsmitglied Fachverband für Strahlenschutz (seit
2006)



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



Prof. Dr. Breckow: Mitglied im 15-köpfigen "Kompetenzverbund
Strahlenforschung (KVSF)" (seit 2010). Satzungsgemäß soll der KVSF "die
wissenschaftliche und gesellschaftlich-politische Bedeutung der Strahlenforschung
hervorheben. Er stellt das Exzellenzforum für eine zukunftsorientierte
interdisziplinäre Strahlenforschung in Deutschland dar."



Prof. Dr. Breckow: Mitglied des Programmkomitees der jährlichen Tagung
"Strahlenschutz in Medizin, Forschung und Industrie", TÜV Süd
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Prof. Dr. Breckow: Mitglied des Organisations- und Programmkomitees FSJahrestagung 2015, Baden/Wien



Prof. Dr. K. Zink: Präsident der 46. Jahrestagung der Deutsches Gesellschaft für
Medizinische Physik



Prof. Dr. K. Zink: Associate Editor der Zeitschrift: Strahlentherapie und Onkologie



Prof. Dr. K. Zink: Mitglied der Deutschen Strahlenschutzkommission – SSK



Prof. Dr. K. Zink: Obmann des Arbeitsausschuss Dosimetrie im
Normenausschuss Radiologie (seit 2011)



Prof. Dr. K. Zink: Mitglied des Vorstandes der Deutschen Gesellschaft für
Radioonkologie e.V. (DEGRO)



Prof. Dr. K. Zink: Mitglied des Vorstandes der Deutschen Gesellschaft für
Medizinische Physik e.V. (DGMP)



Prof. Dr. K. Zink: Mitglied des wissenschaftlichen Beirats des gemeinsamen
Studiengangs Medical Radiation Physics der Universität Heidelberg und des
Deutschen Krebsforschungszentrums, Heidelberg



Prof. Dr. K. Zink: Gutachter für die Deutsche Forschungsgemeinschaft (DFG)



Prof. Dr. K. Zink: Gutachter für die wissenschaftlichen Zeitschriften: Medical
Physics, Physics in Medicine and Biology, Physica Medica, Zeitschrift für
Medizinische Physik, Metrologia.



Prof. Dr. K. Zink: Gutachter für die Akkreditierungsgesellschaft AQAS

14

HOCHSCHULGREMIEN
Hochschulbezogene Aktivitäten



Prof. Dr. K. Zink: Dekan des Fachbereichs Krankenhaus- und Medizintechnik,
Umwelt- und Biotechnologie (Amtszeit: 01.11.2013 – 31.10.2016)



Prof. Dr. K. Zink: Leiter des Master-Studiengangs Medizinische Physik des
Fachbereichs KMUB



Prof. Dr. K. Zink: komm. Leiter des Studiengangs Bachelor Krankenhaushygiene
(KHY)



Prof. Dr. J. Breckow: Mitglied des Fachbereichsrats MNI



Prof. Dr. J. Breckow: stell. Senatsmitglied der THM



Prof. Dr. J. Breckow: Fachgebietskoordinator „Physik“



Prof. Dr. J. Koch: Mitglied des Fachbereitsrates MNI



Prof. Dr. J. Koch: Fachgebietskoordinator „Chemie“



Prof. Fiebich: Leiter des Bachelor-Studiengangs Biomedizinische Technik des
Fachbereichs KMUB
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PRESSEMITTEILUNGEN

•

Gießener Allgemeine – 01.07.2014
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•

WZ - 26.06.2014
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•

THMAGAZIN – Ausgabe 15/Dezember 2014
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•

THMAGAZIN – Ausgabe 16/Dezember 2014
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•

THMAGAZIN – Ausgabe 16/Dezember 2014
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Gießener Anzeiger vom 11.11.2014
Vom „Popstar der Wissenschaft“
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Gießener Anzeiger vom 04.11.2014
„Einstein und unser Weltbild“
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Besichtigung der WAK am 24.01.2014

Gießen, den 29. Juli 2015
Prof. Dr. K. Zink
stellv. Geschäftsführer IMPS
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Anhang I:
Peer Review Publikationen 2014
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The energy conservation regulation provides upper limits for the annual primary energy requirements for new buildings and old building renovation. The actions required could accompany a reduction of the air exchange rate and cause a degradation of the indoor air quality.
In addition to climate and building specific aspects, the air exchange rate is essentially affected
by the residents. Present methods for the estimation of the indoor air quality can only be effected under test conditions, whereby the influence of the residents cannot be considered and
so an estimation under daily routine cannot be ensured. In the context of this contribution
first steps of a method are presented, that allows an estimation of the progression of the air exchange rate under favourable conditions by using radon as an indicator. Therefore mathematical connections are established that could be affirmed practically in an experimental set-up.
So this method could provide a tool that allows the estimation of the progression of the air exchange rate and in a later step the estimation of a correlating progression of air pollutant concentrations without limitations of using the dwelling.
Key words: radon, air exchange rate, air quality, air pollutant

INTRODUCTION
In Central Europe adults remain between 80%
and 90% of the day in closed interior [1]. This leads to
an exposure to a multitude of air pollutants, which can
accumulate in the indoor air. The presence of humans
can lead to emissions of CO2 or exhalations. Due to
building products, furniture or further objects of daily
handling substances like volatile organic compounds
(VOC) are emitted [2]. High indoor air humidity can
lead to mould formation, which emits spores and allergens [3]. In this context radon is kept in mind since it
can accumulate in the indoor air too and can mean a
health risk.
The concentrations of these air pollutants depend on one hand on the particular polluter and on the
other hand on the ventilation of the room [4]. Good
ventilation and so a high air exchange rate, arrange for
the avoidance of the accumulation of air pollutants in
the indoor air and for the continuance of the concentra-

* Corresponding author; e-mail: franz.roessler@cybortek.de

tion on a low level. Yet the energy conservation regulation provides upper limits for the annual primary
energy requirements for new established buildings
and old building renovations [5]. For the reduction of
the energy requirements it is necessary to insulate the
casing of the building and to install sealed doors and
windows. This can lead to a reduction of the air exchange rate that can result in an increase of the air pollutant level [6, 7]. To avoid this, there are certain requirements for the ventilation of a building which can
be achieved by an active ventilation system, or
adapted ventilation behaviour (passive ventilation).
Normally active ventilation systems are qualified for
the avoidance of an increase of the air pollutant level.
Yet, for using the passive ventilation there are high addictions to the behaviour of the residents. Deficient
passive ventilation can lead to an increase of the air
pollutant level.
Thus the knowledge of the air exchange rate is
fundamental for the estimation of the indoor air quality. Present methods for the estimation of the air exchange rate can only be effected under test conditions
or under the guarantee of a constant air exchange rate
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[8, 9]. A consideration of the room use as an important
influence on the air exchange rate cannot be effected.
Alternatively to the present methods, the first steps of
an approach that is using radon as an indicator shall be
presented. This could allow the evaluation of the progression of the air exchange rate under daily routine.
The evaluation of progressions of the air exchange rate by measured progressions of the radon concentration is achieved by several steps. At first, an evaluation of the radon source at a preferably low and
constant air exchange rate is accomplished. The desired
signal gained by a long term measurement is filtered by
suitable filter functions. Finally, via a reconstruction
method developed for this purpose, the progression of
the air exchange rate is evaluated by the filtered progression of the measured signal of the radon concentration. The target of the presented method is guarantee of
a preferably evaluation of the radon source and a preferably low-noise reconstruction of the air exchange rate
by a noisy, long term measurement signal of the radon
concentration.
For a first practical verification of the method,
measurements are conducted by using a measurement
chamber with a dimension of a real dwelling. The measurement chamber is featured with a programmable
ventilation control system, which allows the implementation of selectable progressions of the air exchange rate. Measurements in real dwellings shall be
effected in future developments.

MODELLING

To build a model, which describes the mathematical connection between the air exchange rate k(t) and
the radon concentration c(t), a differential equation is
determined. In this juncture the radon which degasses
out of the ground soil and the building material is considered in terms of the radon source QV, normalised on
the volume of the dwelling V. For simplification, the
radon source and the radon mixing in the air are assumed as constant at first. The radioactive decay arranges for reduction of the radon concentration and is
considered in terms of the differential form of the decay law with the decay constant l. To establish a connection between the air exchange rate and the radon
concentration, the air exchange is listed with the delivery air and the discharged air, at which via the delivery
air, outdoor air with the radon concentration ca(t) is
carried into the room and via the discharged air, indoor
air with the radon concentration c(t) is carried out of
the room
dc ( t )
= QV - lc( t ) + k ( t )c a ( t ) - k ( t )c( t )
dt

(1)

Via the solution of the differential equation (eq.
1) a time discrete equation can be constructed, which
allows the iterative evaluation of the radon concentra-
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tion c(t) by the air exchange rate k(t). In this juncture Dt
describes the time interval of the time discrete data
c( n ) = e -[ l+ k ( n )] Dt ×
(2)
×éc( n - 1) - QV + c a ( n )k ( n ) ù + QV + c a ( n )k ( n )
ê
ú
l + k (n )
l + k (n )
ë
û
Because eq. 2 cannot be solved to the air exchange rate, it is necessary to transform the differential
equation (eq. 1) into a difference equation. In turn this
can be dissolved to the time discrete air exchange rate
k(n)
c( n + 1) - c( n )
- Q V + l c( n )
Dt
k (n ) =
c a ( n ) - c( n )

(3)

For c(n) measured data of the radon concentration can be used which are recorded with the measurement interval Dt. Before starting the long term measurement the radon source QV is evaluated via a
method developed for this purpose. According to the
constancy of the radon source the evaluation can be repeated several times. The outdoor radon concentration
can either be supposed constant ca, or can be considered in the equation via an own series of measurements
ca(n). When measuring a low level indoor radon concentration it will make sense to record the progression
of the outdoor concentration separately.
Thus eqs. 2 and 3 deliver the tool to evaluate the
progression of the air exchange rate by the radon concentration and the progression of the radon concentration by the air exchange rate.

EVALUATION OF THE RADON SOURCE

All parameters of eq. 3 are known, i. e.,
metrologicaly accessible except the radon source QV.
The radon source normalised to the volume of the
dwelling QV represents the full characterisation of the
dwelling. It can be evaluated via recording a saturation
curve of the radon concentration by increasing the air
exchange rate at first (passive or active ventilation) to
lower the radon concentration in the dwelling to a level
which is nearly in accordance with the outdoor radon
concentration. Afterwards the air exchange rate is
lowered (ending the “ventilation situation”). This
leads to a new increase of the radon concentration in
the dwelling and thus to a saturation curve, which follows with the guarantee of a preferably constant air exchange rate an exponential progression. This saturation curve is recorded with a radon monitor. Via using
the Levenberg-Marquardt algorithm the time constant
t, the radon concentration at the beginning c0 and the
radon saturation concentration c(4) are fitted to the
following equation
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-t
t

c( t ) = e [ c 0 - c( 4 )] + c( 4 )

(4)

The determined time constant t and the radon
saturation concentration c(4) are used for the evaluation of the radon source. Following connection can be
derived from the solution of the differential equation
(eq. 1)
c( 4 )
æ1
ö
(5)
QV =
- ca ç - l ÷
t
t
è
ø
Using the parameters t and c(4) determined in
eq. 4 and the constant parameters l and ca the radon
source normalised on the volume of the dwelling QV
can be evaluated via eq. 5, which represents the full
characterisation of the dwelling.

FILTERING SERIES OF MEASUREMENTS
OF THE RADON CONCENTRATION

The reconstruction of progression of the air exchange rate is effected by eq. 3. In this connection,
there are high requirements on the measured radon
concentration signal because of the noise sensitivity
accounted by the term c (n + 1) – c(n). Because of the
statistical character of the measurement of radon concentration, the measured signal is interfered with noise
and so it is necessary to smooth the measured signal.
This is effected by a theoretical system approach of filtering using window functions (rectangle, Hamming,
Hanning, etc...) [10] in four steps. In the first step
called “zero-padding” the measured signal is expanded with zeros to achieve the same length of the
measured signal and the window function. In the second step with zeros expanded signal is transformed
into the frequency domain by using the Fourier transformation. In the third step the frequency spectrum is
multiplied by an adequate window function. Finally
the resulting filtered spectrum is transformed into the
time domain by using the inverse Fourier transformation. In order to realise a preferably efficient filtering
without loss of attributes of the desired signal, an adequate choice of the filter function and its width is of essential importance. This choice depends on the frequency spectrum of the measured signal. After all, the
progression of the air exchange rate can be evaluated
via the reconstruction of the filtered measured data of
the radon concentration.

tightness. It has a volume of 10 m³ and therefore it is
big enough to emulate a real dwelling and to accommodate experimental constructions. It is composed of
several segments which have a thermal insulation of
60 mm PUR foam and a stainless steel surface. The
thermal insulation offers the advantage of insensibility
of the indoor temperature from the outdoor temperature. To achieve a high tightness of the chamber wall,
the gaps are sealed with aluminum covered adhesive
foil and sealing mass.
To control the ventilation and so to regulate the air
exchange rate a ventilator is applied, whose speed can
be regulated by a microcontroller. The microcontroller
is connected with a PC, which allows the import of any
progressions of the air exchange rate. The ventilator is
installed at a measurement distance that is placed in the
delivery air channel. The air flow rate at this measurement distance is measured by a thermo-anemometer
(Ahlborn FVA 935 TH4) with a measurement range of
0.08-2 m/s. With an effective cross-sectional area of
15.1 cm² in the measurement distance pipe, the effectively air exchange rate affecting the measurement
chamber can be determined with a range of 0.05-1 per
hour. Hence, the measurements can be effected with air
exchange rates like they appear upon real dwellings.
Inside and outside the measurement chamber the
radon concentration, the air temperature, the air humidity and the air pressure are measured. For this purpose radon-monitors of the type AlphaGUARD (producer: Saphymo) are used.
All measurements are effected by recording time
lines with sample times of 10 minutes. An exterior
view of the measurement chamber is shown in fig. 1.
RESULTS

Measurements on the measurement chamber
were performed at which uranium ore was used as
the radon source. In the following two measurement
examples are presented. The first ex ample was recorded using uranium ore with a high source power
QV = 670 Bq/hm3. As a test sig nal of the air ex change rate a rectangle pro gression was adjusted by
the ventilation control system. The resulting pro-

EXPERIMENTAL SET-UP

The goal for the first practical verification of the
constructed measurement model in a measurement
chamber was to eliminate disturbance values, create
controlled conditions and hence to allow the receipt of
repeatable results. The measurement chamber is built
up of a cooling chamber (producer: Viessmann) that
provides the vantages of thermal insulation and high

Figure 1. Exterior view of the measurement chamber
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Figure 2. Example 1: measured radon concentration (1)
in the measurement chamber and the progression
filtered with a rectangle window with a width of 512
samples (2)
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tions the second example was recorded with a lower
radon source of QV = 11 Bq/hm3. A rectangle progression of the air exchange rate was adjusted by the ventilation control system. The resulting progression of the
radon concentration inside the measurement chamber
is shown in fig. 4. The measured progression of the radon concentration was filtered with a hamming window with a width of 256 samples.
The reconstruction of the air exchange rate is effected like in example 1 described. The comparison of
the original and reconstructed air progression of the air
exchange rate is shown in fig. 5.
It can be seen that the reconstruction in example
2 is effected less accurate than the reconstruction in
example 1. The reason for this is the lower level of the
radon concentration which leads to a higher noise in
the measured signal and consequently to a less accurate reconstruction of the air exchange rate. The consequences of these circumstances are a lower time resolution of the reconstructed air exchange rate and
limitations of the reconstruction of high air exchange
rates at low radon sources.

Figure 3. Example 1: comparison of the air exchange rate
reconstructed by the progression of the radon
concentration (2) and the original air exchange rate (1)

gression of the radon concentration inside the measurement chamber is shown in fig. 2. To filter the
measured progression of the radon concentration a
Hamming window with a width of 512 samples is
used, which eliminates the high frequencies of the
spectrum and represses the noise component.
To reconstruct the air ex change rate by the filtered progression of the measured radon concentration, the progression of the air exchange rate is determined iteratively via the implementation of the
reconstruction algorithm (eq. 3). The reconstructed
progression of the air exchange rate is shown in fig.
3.
Figure 3 shows that the reconstructed progression
of the air exchange rate is in good accordance with the
original progression. But it can be seen that the reconstructed progression is superposed by frequency parts
resulting from not eliminated noise components of the
measured signal of the radon concentration. Yet a more
intense smoothing of the measurement signal will lead
to an elimination of the desired signal too. Thus for every recorded measured progression, the elimination of
the desired signal must be compromised with the
non-elimination of the noise component.
The first example was recorded with a higher
source power than it occurs in real dwellings. To
achieve more daily routine like measurement condi-

Figure 4. Example 2: measured radon concentration (1)
in the measurement chamber and the progression
filtered with a hamming window with a width of 256
samples (2)

Figure 5. Example 2: comparison of the air exchange rate
reconstructed by the progression of the radon
concentration (2) and the original air exchange rate (1)

DISCUSSIONS

With the aid of the presented method progressions of the radon concentrations and the air exchange
rate can be converted into each other under favourable
conditions. The principal point of the method is represented by the evaluation of the progression of the air
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exchange rate, by a measured progression of the radon
concentration. Compared to present methods which
allow no time resolution of the air exchange rate, or
have to be effected under test conditions, the presented
method provides a time resolution of the air exchange
rate. The use of the dwelling which has a big influence
on the air exchange rate can be considered. Only the
evaluation of the radon source has to be effected under
test conditions.
For the room that has to be analyzed certain requirements exist, which describe potential limitations
for the method. For the evaluation of the radon source,
the radon saturation concentration must be high
enough for achieving a solvable saturation curve. If
there is no solvable saturation curve, an evaluation of
the radon source is impossible. There are similar limitations for long term measurements. With availability
of only a low radon source and because of the high statistical noise there are difficulties to filter the measurement signal, on one hand and to reconstruct the air exchange rate, on the other hand. The presented
measurement example 2 shows first impressions of
these difficulties, at low radon sources, in the form of a
lower time resolution, especially at high air exchange
rates.
The filtering of the progression of the radon concentration leads to a reduction of the noise component,
on one hand and to a reduction of several frequency
parts of the desired signal, on the other hand. This implicates the circumstance that the original progression
of the air exchange rate can exactly be reconstructed in
the rarest cases. Thus it is a question of an approach on
the original progression of the air exchange rate. The
accuracy depends on the discovered level of the radon
concentration and the choice of the fitting parameters.
A critical point of the reconstruction of the air
exchange rate is the constancy of the radon source. It is
known that the radon source can vary under some conditions, for example at air pressure variations [11-13].
Especially in areas with mining industry, variations of
the radon source can be measured [14]. But, until now,
there is not enough information about the dimension
of this variability. Hence the dimension of the variability of the radon source must be checked and the decision must be made about which dimension of the variability can be accepted. If there is a slow variability
over several days, for example, the evaluation of the
radon source can be repeated every few days or, if
there is a small variability, the reconstruction can be
effected with a mean radon source. The smaller the
variability of the radon source, the better the reconstruction of the air exchange rate works.

OUTLOOK

The presented method pictures an early development stage that serves for future developments as a basis.
Further steps provide the evaluation of the limitations of
the method, the analysis of the constancy of the radon

source, the construction of a “multi-room-model” and
the referencing of the indoor air quality.
The reconstruction of the air exchange rate at
low level radon concentrations (especially less than
100 Bq/m3) is subjected to certain difficulties. A low
radon concentration can lead to the circumstance that
the radon source cannot be evaluated, on one hand and
because of the statistical noise of the radon measurement, the air exchange rate cannot be reconstructed,
on the other hand. Hence with a decrease of the radon
source the reconstruction of high air exchange rates is
more difficult. Which values of the air exchange rate
can be reconstructed at which values of the radon
source, shall be reviewed in future analyses. These
analyses shall be effected under several requirements
on the accuracy and the time resolution of the reconstruction. At this juncture, the statistical characteristics of the used radon-monitors at low level radon concentrations, shall be consulted.
The inspection of the constancy of radon source
represents an important duty. A first approach can be
achieved by evaluating the radon source in real dwellings, repeated every few days. All doors inside the
dwelling should be open to apply the presented “single-room-model”. A variation of the radon source
evaluated every few days could deliver information
about the long term variability. The short time variability can be analysed by performing reference measurements of the air exchange rate with the tracer gas SF6.
A comparison of the air exchange rate reconstructed
by the measured radon concentration and the air exchange rate reconstructed by the tracer gas SF6, allows
drawing conclusions from the variability of the radon
source. The inspection of the constancy of the radon
source has to be effected in real buildings or dwellings
to achieve real conditions relating to pressure or other
climatic variations. Hereupon a decision should be
made which dimension of variations can be accepted
and which dimensions of variations are representing
limitations for the method.
To transfer the method to real buildings and
dwellings a “multi-room-model” shall be build based
on the presented “single-room-model”. Therefore a
system of differential equations should be induced
containing one equation for every room of the building
or the dwelling that needs to be analyzed. The dissolution of this system could allow the evaluation of individual air exchange rates under favourable conditions.
To establish a relationship to the indoor air quality, mathematical connections between the air exchange rate and several air pollutants shall be established. At this juncture it can be about any air
pollutants like volatile organic compounds (VOC),
formaldehyde or CO2. To build a mathematical model,
the model presented in this paper shall be used and
adapted according to the air pollutant. If there are adequate models available to estimate several air pollutant
concentrations following approach will be applied. At
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first the air exchange rate will be estimated by the radon concentration via the method presented in this paper. In the next step air pollutant concentrations will be
estimated via the respective mathematical models. Finally a representative choice of the considered air pollutants allows the evaluation of the indoor air quality.
Because of the interaction between several air
pollutants and other substances or climatic parameters, the construction of a mathematical model for estimation of an air pollutant concentration by the air exchange rate, requires a high complexity. Thus it will be
effected only for a choice of important air pollutants
and therefore primarily serve to deliver tools which
can be applied to arbitrary air pollutant combinations
[15].
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Franc Anton RESLER, Tahar AZAM XAJ, Folker GRIM,
Hans HINGMAN, Tina OROFVIGHOZE, Nina JAH, Joahim BREKOV
PRVI KORACI U RAZVIJAWU MERNE METODE ZA
PROCENU KONCENTRACIJE RADONA KAO INDIKATORA
KVALITETA VAZDUHA U ZATVORENOM PROSTORU
Propisi o o~uvawu energije daju gorwe granice za godi{we potrebe primarne energije
novih zgrada i renoviranih starih zgrada. Potrebni zahtevi mogu dovesti do smawewa brzine
izmene vazduha i time degradirati kvalitet vazduha u zatvorenom prostoru. Pored klimatskih
uslova i specifi~nih aspekata gra|evinskog objekta, na izmenu vazduha su{tinski uti~u i
stanovnici zgrade. Aktuelne metode za procenu kvaliteta vazduha u zatvorenim prostorima mogu se
sprovesti samo pri uslovima testirawa, dok se uticaj stanovni{tva ne mo`e uzeti u razmatrawe i
time se ne mo`e osigurati procena u svakodnevnom `ivotu. U ciqu doprinosa ovom pitawu,
predstavqeni su prvi koraci metode koja omogu}ava procenu progresije brzine izmene vazduha pod
najpogodnijim uslovima, koriste}i radon kao indikator. Stoga su utvr|ene matemati~ke relacije
koje se mogu potvrditi prakti~no kroz eksperiment. Otuda ova metoda mo`e da bude sredstvo za
procenu progresije brzine izmene vazduha i u kasnijem koraku procenu korelacije progresije
koncentracije zaga|iva~a vazduha bez ograni~avawa upotrebe zgrade.
Kqu~ne re~i: radon, brzina izmene vazduha, kvalitet vazduha, zaga|ewe vazduha
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ERRATUM

Editorial Board of the Nuclear Technology & Radiation Protection journal regrets to inform the
audience of the journal that the authors of the paper

FIRST STEPS IN THE DEVELOPMENT OF A
POSSIBLE MEA SUREMENT METHOD TO ESTIMATE
THE RADON CONCENTRATION AS AN INDICATOR OF THE
INDOOR AIR QUALITY
by

Franz Anton ROSSLER, Tahar AZZAM JAI, Volker GRIMM, Hans HINGMANN,
Tina OROVWIGHOSE, Nina JACH, and Joachim BRECKOW

printed in the issue Vol. 29 (2014), Suppl., pp. S52-S58, had made some mistakes concerning the list of
authors and their contributions. It should be as follows:
Franz Anton ROSSLER, Tahar AZZAM JAI, Volker GRIMM, Hans HINGMANN,
Tina OROVWIGHOSE, Nina JACH, Thomas SCHANZE, and Joachim BRECKOW
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Radonkonzentration als Indikator
für die Raumluftqualität
Entwicklung eines effizienten
Messverfahrens

AUTOR

Franz Anton Rößler
ANMERKUNG DER SCHRIFTLEITUNG

Aufgrund steigender Energiekosten und gesetzlicher Vorgaben nimmt
die Bedeutung von Energiesparmaßnahmen kontinuierlich zu. In vielen
Fällen erfolgt dies jedoch zulasten der Raumluftqualität, da sich
durch einen verringerten Luftwechsel Schadstoffe im Innenraum an reichern können. Eine einfache Beurteilung der Raumluftqualität ist
bisher jedoch nur stark eingeschränkt möglich. Mit diesem Thema
befasst sich der folgende Beitrag. Er verfolgt den Ansatz, auf Basis der
Radonkonzentration eine Beurteilung der Raumluftqualität zu ermög lichen, und beschreibt ein dazu entwickeltes effizientes Messverfahren. Als Dreh- und Angelpunkt fungiert die viel diskutierte Luftwech selrate, als Beispielschadstoff werden VOC herangezogen, die in der
Innenraumhygiene zunehmend an Bedeutung gewinnen.

Dieser Beitrag ist eine bearbeitete Fassung der Masterarbeit
von Franz Anton Rößler, dem Träger des Rupprecht-MaushartPreises 2013. Die Arbeit wurde gefördert vom Bundesministerium für Bildung und Wissenschaft.
Z U S A M M E N FA S S U N G

Energieeinsparmaßnahmen können zu einem Herabsetzen
der Luftwechselrate und somit auch zu einer Verschlechterung der Raumluftqualität führen. Bisherige Methoden zur
Beurteilung der Innenraumluftqualität können jedoch nur
unter Einschränkungen erfolgen. Im Folgenden wird ein Verfahren vorgestellt, das unter Verwendung des natürlichen
Radons als Indikatorgas die Beurteilung der Innenraumluftqualität unter Alltagsbedingungen ermöglicht. Hierzu werden
über mathematische Modelle aus dem Verlauf der Radonkonzentration zunächst der Verlauf der Luftwechselrate und im
Weiteren die Verläufe einzelner Luftschadstoffe berechnet.
Durch Versuchsreihen in einer Messkammer konnten die
Modellierungen praktisch bestätigt werden.
S U M M A RY

Radon Concentration as Indicator for
Indoor Air Quality
Energy conservation actions could cause a reduction of the
air exchange rate and a degradation of the indoor air quality
too. Present methods for the estimation of the indoor air
quality can only be effected with limitations. In the following
a method is presented, that allows an estimation of the
indoor air quality under daily routine by using natural Radon
as an indicator. For this via mathematical models the progression of the air exchange rate is estimated by using the
Radon concentration and later the progression of several air
pollutants is estimated. Via measurements in a measurement
chamber the modelling could be verified.

Luftwechselrate als zentrales
Bindeglied
In Mitteleuropa halten sich Erwachsene 80 bis 90 % des Tages in Innenräumen auf [1]. Dies führt dazu, dass
sie einer Vielzahl an Luftschadstoffen
ausgesetzt sind, die sich in der Innenraumluft anreichern können. Allein
die Anwesenheit des Menschen führt
zu Emissionen von z. B. CO2 und H2O.
Durch Bauprodukte, Möbel und weitere Gegenstände des täglichen Gebrauchs werden Stoffe wie flüchtige
organische Verbindungen (VOC) abgegeben [2]. Eine hohe Luftfeuchtigkeit
in Innenräumen kann zur Bildung von
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Schimmel führen, der wiederum Sporen emittiert [3]. Das radioaktive Edelgas Radon kann sich ebenfalls in der
Innenraumluft anreichern und eine
Gesundheitsgefährdung
bedeuten.
Die Konzentrationen dieVielzahl
ser Luftschadstoffe hänan Luftgen zum einen von den
jeweiligen Emittenten
schadstoffen
und zum anderen von
der Belüftung des Raumes ab [4]. Eine starke Belüftung und
somit eine hohe Luftwechselrate sorgt
dafür, dass sich die Luftschadstoffe im
Innenraum nicht anreichern können

RADON ALS INDIKATOR

und deren Konzentration auf einem
niedrigen Niveau bleibt. Die Energiesparverordnung sieht jedoch für Neubauten, aber auch für Altbausanierungen Obergrenzen für den Jahres-Primärenergiebedarf vor [5]. Zur Senkung
des Energieverbrauchs
ist es notwendig, die Gebäudeaußenhülle stärHerabsetzen
ker zu dämmen und
der Luftdicht schließende Türen
und Fenster einzusetwechselrate
zen. Dies kann zu einem
Herabsetzen der Luftwechselrate führen, was wiederum
eine Erhöhung des Schadstoffniveaus
zur Folge haben kann [6, 7]. Um dies zu Abb. 1: Abschätzungen einzelner Schadstoffkonzentrationen aus der Radonkonzentravermeiden, bestehen gewisse Anforde- tion zur Beurteilung der Raumluftqualität
rungen an die Belüftung des Gebäudes,
die durch aktive Lüftungsanlagen oder lung der Luftwechselrate. Diese besitzt währt werden. Im Gegensatz zu bisein angepasstes Lüftungsverhalten der einen direkten Einfluss auf die Raum- herigen Verfahren ist somit die ErmittRaumnutzer (passives Lüften) erfüllt luftqualität. Daher ist die Kenntnis der lung der Luftwechselrate unter Allwerden können. Aktive Lüftungsanla- Luftwechselrate zur Abschätzung der tagsbedingungen möglich. Über weigen sind in der Regel geeignet, eine Er- Raumluftqualität von zentraler Bedeu- tere Modellbildungen können aus dem
höhung des Schadstoffniveaus zu ver- tung. Bestehende Verfahren zur Ermitt- zeitlichen Verlauf der Luftwechselrate
meiden. Wird das passive Lüften nur lung der Luftwechselrate können aller- die zeitlichen Verläufe einzelner Luftunzureichend betrieben, kann dies zu dings nur unter Prüfbedingungen oder schadstoffe berechnet werden, was bei
einer Erhöhung des Schadstoffniveaus bei konstanter Luftwechselrate erfol- einer Auswahl repräsentativer Luftgen. Eine Berücksichtigung der norma- schadstoffe die Beurteilung der Raumführen.
Bestehende Ansätze zur Beurteilung der len Raumnutzung als wichtiger Ein- luftqualität ermöglicht [12, 13]. ExemRaumluftqualität arbeiten mit unter- fluss auf die Luftwechselrate ist dabei plarisch wird die mathematische Beziehung zwischen der Luftwechselrate
schiedlichen Indikatoren. Hierzu zäh- nicht möglich [8, 9].
len beispielsweise die Luftfeuchtigkeit Ergänzend zu diesen Methoden wird und der VOC-Konzentration modelliert.
und die CO2-Konzentration. Der Nach- im Folgenden ein Verfahren vorgeteil dieser Verfahren ist jedoch, dass stellt, das die Beurteilung der Raum- Rekonstruktion der Luftwechseldie Raumnutzung einen individuel- luftqualität unter Verwendung der rate aus der Radonkonzentration
Radonkonzentration als Die Beschreibung des mathematischen
len Einfluss auf den verwendeten Indikator aufIndikator ermöglicht. Ab- Zusammenhangs zwischen der Radonbildung 1 zeigt die prin- konzentration cRn (t) und der Luftweisen kann. So kann beiBeurteilung
spielsweise durch Kochen
zipielle Vorgehensweise. wechselrate k(t) erfolgt über folgende
der Raumluft- Zunächst wird mithilfe Differenzialgleichung [10]:
oder Duschen die Luftfeuchtigkeit oder durch
eines mathematischen Moqualität
dcRn (t)
erhöhte körperliche Aktidells der zeitliche Verlauf
= – λ · cRn (t) + QRn,V (t) +
(1)
dt
vität die CO2-Konzentrader Luftwechselrate aus
k(t) · cRn,a – k(t) · cRn (t)
tion im Innenraum erhöht werden. dem zeitlichen Verlauf einer LangzeitAndere für die Raumluftqualität rele- messung der Radonkonzentration be- cRn,a
Radonkonzentration (außen)
vanten Schadstoffe können durch diese rechnet. Da ein aktives Einbringen λ
Zerfallskonstante des Radons
Raumnutzung unberührt bleiben, so- eines Indikators nicht notwendig ist QRn,V (t) Radonquellstärke (auf das
dass ein Heranziehen dieser Indikato- und Radon fast ausschließlich zur
Raumvolumen normiert)
ren die Beurteilung der Raumluftqua- Luftwechselrate Korrelationen zeigt, Um den Verlauf der Luftwechselrate
lität verfälschen kann [8, 9]. Andere kann während des Messzeitraums eine aus dem Verlauf der RadonkonzentraBetrachtungen basieren auf der Ermitt- uneingeschränkte Raumnutzung ge- tion zu berechnen, wird die Differen-
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zialgleichung in eine Differenzengleichung umgeformt und nach der Luftwechselrate umgestellt:

den, mit deren Hilfe die Radonquellstärke berechnet werden kann [10]:

k(n) =
cRn (n + 1) – cRn (n)
– QRn,V (t) + λ · cRn (n)
Δt
(2)
cRn,a – cRn (n)

QRn,V =

Mit dieser Gleichung steht das Grundwerkzeug zur Rekonstruktion der Luftwechselrate aus der Radonkonzentration zur Verfügung. Bei Anwendung
von Gleichung 2 auf reale Messdaten besteht aufgrund des Terms
cRn (n + 1) – cRn (n) eine hohe Rauschempfindlichkeit, da zur Berechnung
immer Radonmesswerte-Paare herangezogen werden. Daher ist es notwendig, die Messdaten vor der Berechnung
einer Filterung zu unterziehen, die
beispielsweise durch den Einsatz von
Fensterfunktionen erfolgen kann [11].
Zur Anwendung von Gleichung 2 ist
die Kenntnis der Radonquellstärke
notwendig, die die vollständige Charakterisierung eines zu untersuchenden Raumes darstellt.
Sie kann über die Aufnahme einer SättigungsMessdaten
kurve der Radonkonzenwerden
tration über einen Zeitraum von ca. 24 h ergefiltert
mittelt werden (nur in
diesem Zeitraum gelten
für den zu untersuchenden Raum Prüfbedingungen). Hierzu wird durch eine
Erhöhung der Luftwechselrate (Lüften)
zunächst die Radonkonzentration im
Gebäudeinneren auf Werte nahe der
Radonkonzentration der Außenluft gesenkt. Anschließend wird die Luftwechselrate wieder normalisiert (Beenden der „Lüftungssituation“), was
zu einem Aufbau der Radonkonzentration führt und somit eine Sättigungskurve liefert, die unter Gewährleistung
einer möglichst konstanten Luftwechselrate einer Exponentialfunktion entspricht. Über einen numerischen Algorithmus zur Kurvenanpassung können
die Sättigungskonzentration cRn (∞)
und die Zeitkonstante τ ermittelt wer-

cRn (∞)
1
– cRn,a · - – λ
τ
τ

( )

(3)

Berechnung der
VOC-Konzen tration
Nachdem nun der mathematische Zusammenhang zwischen Radonkonzentration und Luftwechselrate beschrieben ist, soll exemplarisch der mathematische Zusammenhang zwischen
der Luftwechselrate und der VOC-Konzentration cVOC,a (t) dargestellt werden, indem ebenfalls eine Differenzialgleichung erstellt wird [10]:
dcVOC (t)
= QVOC,V (t) + k(t) · cVOC,a (t)
dt
(4)
– k(t) · cVOC (t)
cVOC,a (t): VOC-Konzentration (außen)
QVOC,V (t): VOC-Quellstärke (auf das
Raumvolumen normiert)
Die Differenzialgleichung lässt sich zu
folgendem Ausdruck lösen:
cVOC (n) = e –k (n) · Δt ·

(

cVOC (n – 1) –

+

QVOC,V (n) + cVOC,a · k(n)
k (n)

QVOC,V (n) + cVOC,a · k(n)
k(n)

)
(5)

Die VOC-Emission ist komplexen physikalischen Zusammenhängen unter-

Abb. 2: Außenansicht der Messkammer
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worfen. Da eine exakte Korrektur aller
Einflussgrößen nicht praktikabel ist,
erfolgt eine näherungsweise Korrektur der Temperatur, die
als wichtigste Einflussgröße angesehen wird
Korrektur der
[10]. Hierzu wird für
Temperatur
jeden errechneten Wert
näherungsder VOC-Konzentration
cVOC (n) die Temperatur
weise
T(n) durch die mittlere
–
Temperatur Tfit im Zeitraum der Quellstärkenbestimmung
dividiert:
cVOV,korrigiert (n) = cVOC (n) ·

T (n)
Tfit

(6)

Zur Bestimmung der VOC-Quellstärke
ist es ausreichend, die Sättigungskonzentration cVOC (∞) zu ermitteln, da
die Zeitkonstante τ der Zeitkonstanten der Radonaufbaukurve entspricht.
Die Aufnahme einer kompletten Aufbaukurve der VOC-Konzentration ist
dadurch nicht notwendig, dies würde
auch für weitere Luftschadstoffe gelten, die zu einer Beurteilung der
Raumluftqualität herangezogen werden. Die Berechnung erfolgt äquivalent
zu der Ermittlung der Radonquellstärke:
QVOC,V =

cVOC (∞)
1
– cVOC,a ·
τ
τ

()

(7)
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Aufbau einer Messkammer
Zur praktischen Überprüfung des mathematischen Modells werden Messungen in einer Messkammer vorgenommen. Als Messkammer dient eine
Kühlzelle mit einem Raumvolumen
von 10 m³ (Abb. 2). Über eine steuerbare Lüftung können beliebige Verläufe der Luftwechselrate eingestellt
werden. Als Radonquellen kommen
Uranerz aus Gesteins- und Erdproben
sowie Rohrablagerungen aus einem
Radonheilbad zum Einsatz. Als exemplarische VOC-Quelle dient Aceton.
Über ein regelbares 50-W-Heizelement
kann die Temperatur in der Messkammer variiert und somit Einfluss auf die
VOC-Emission genommen werden [10].

Abb. 3: Temperaturverlauf in der Messkammer

Ergebnisse
In folgender exemplarischer Messreihe
folgt die Luftwechselrate einem rechteckförmigen Verlauf. Zusätzlich wird
in der Messkammer die Temperatur
variiert (Abb. 3).
Aus dem gemessenen Verlauf der Radonkonzentration wird eine Radonquellstärke von
QRn,V = 460

Bq
h · m3

Abb. 4: Darstellung des gemessenen und des gefilterten Verlaufs der Radonkonzentration; Filterung durch ein Hamming-Fenster der Breite 512

ermittelt. Der Verlauf der Radonkonzentration wird über ein HammingFenster mit der Breite 512 gefiltert
(Abb. 4).
Über Gleichung 2 wird der Verlauf der
Luftwechselrate rekonstruiert. Abbildung 5 zeigt einen Vergleich der rekonstruierten mit der gemessenen Luftwechselrate.
Zur Berechnung der VOC-Konzentration aus der Luftwechselrate wird eine
VOC-Quellstärke von
QVOC,V = 10

mg
h · m3

berechnet. Über die Gleichungen 5
und 6 wird aus dem in Abbildung 5
dargestellten Verlauf der rekonstruierten Luftwechselrate der Verlauf der
VOC-Konzentration berechnet. Abbildung 6 zeigt einen Vergleich des be-

Abb. 5: Rekonstruierte Luftwechselrate im Vergleich zur gemessenen Luftwechselrate

rechneten und des gemessenen Verlaufs der VOC-Konzentration.
Abbildung 6 zeigt eine sehr gute Übereinstimmung des berechneten mit dem
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gemessenen Verlauf der VOC-Konzentration mit nur geringen Abweichungen. Für ein Ein-Raum-System mit
konstanten Radon- und VOC-Quellen,
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Abb. 6: Aus der rekonstruierten Luftwechselrate berechneter Verlauf im Vergleich zum
gemessenen Verlauf der VOC-Konzentration

wie es an der Messkammer vorliegt, Arbeit erstellten Modellbildung orienkann die Methode als bestätigt be- tieren.
Das in dieser Arbeit erstellte Verfahren
trachtet werden.
Eine erste Beurteilung der Raumluft- konnte bisher für die Anwendung in
qualität kann besonders hinsichtlich Ein-Raum-Systemen bestätigt werden.
der VOC, die in der heutigen Zeit als Die Modifizierung des Ein-Raum-SysLuftschadstoffe in der Innenraumluft tems und die Erstellung eines Mehreine zentrale Bedeutung haben, erfol- Raum-Systems sind Gegenstand aktugen. Hierbei sei anzumerken, dass die eller Untersuchungen. Die AnwendbarMethode nicht dazu dient, den tatsäch- keit in der Praxis soll dadurch weiter
lich vorliegenden Verlauf der VOC- untersucht und optimiert werden.
Konzentration zu berechnen. Vielmehr Eine Unsicherheit stellt die Konstanz
dient sie der Abschätzung des Verlaufs der Radonquellstärke dar. Bedingt
der VOC-Konzentration bei einer be- durch meteorologische Einflüsse bestimmten, zuvor ermittelten VOC- stehen in Gebäuden Schwankungen
Quelle. Diese Quelle soll
der Radonquellstärke. Da
das VOC-Potenzial widerbisher keine umfassenden Untersuchungen vorspiegeln, das durch konKostenliegen, wären Messungen
stante VOC-Freisetzungen
günstige
in einigen Wohngebäuvon Bauprodukten und EinÜberblicksden notwendig. Kurzzeirichtungsgegenständen bedingt wird. Es wird somit
tige Schwankungen könnmessungen
primär die folgende Frage
ten über die Anwendung
des Indikatorgasverfahrens
behandelt: „Wie würde sich
die VOC-Konzentration bei einem ermittelt werden. Wird die Lösung der
zuvor ermittelten VOC-Potenzial ver- Differenzialgleichung (Gleichung 2)
halten?“ Dies ermöglicht eine konser- nach der Radonquellstärke umgestellt,
vative Abschätzung der Raumluftqua- so könnte über die mithilfe des Indikalität nach der Ermittlung des höchst- torgasverfahrens ermittelte Luftwechmöglichen Schadstoffpotenzials des selrate der Verlauf der RadonquellGebäudes. Je nach potenziellen Schad- stärke berechnet werden. Da sich Indistoffquellen können weitere mathema- katorgasmessungen nur für Zeiträume
tische Modelle zur Berechnung weite- von wenigen Stunden eignen, könnten
rer Luftschadstoffe herangezogen wer- die langzeitigen Schwankungen auf
den, die sich an der im Rahmen dieser andere Weise ermittelt werden. Hierzu
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wäre es sinnvoll, in einem Wohngebäude in einem Abstand von mehreren
Tagen die Radonquellstärke wiederholt
zu ermitteln. So könnte ein über mehrere Wochen dauernder und über Tage
aufgelöster Verlauf der Radonquellstärke ermittelt werden.
Die im Rahmen dieser Arbeit erstellte
Methode stellt bereits im aktuellen
Entwicklungszustand ein vielfältiges
Werkzeug dar. Für die Praxis könnten
durch weitere Untersuchungen detaillierte zeitaufgelöste Messungen, aber
auch kostengünstige Überblicksmessungen ermöglicht werden. Dies ist
eine wichtige Grundlage für eine vielfältige Anwendbarkeit sowohl in der
Forschung als auch in der Praxis. ■
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Comparing the Image Quality of a Mobile Flat-Panel
Computed Tomography and a Multidetector
Computed Tomography
A Phantom Study
Jakob Neubauer, MD,* Johannes M. Voigt, Dipl Eng,Þ Hannah Lang,* Carsten Scheuer, MD,þ
Sebastian M. Goerke, MD,§ Mathias Langer, MD,* Martin Fiebich, PhD,Þ and Elmar Kotter, MD*
Objectives: The aim of this study was to compare the image quality of a compact mobile flat-panel computed tomography (FPCT) capable of extremity imaging and a multidetector computed tomography (MDCT) in examinations with
the same radiation dose.
Material and Methods: Imaging with the FPCT was performed with default
settings. Monte Carlo simulations were used to calculate equivalent dose settings for the 320-row MDCT. Simulations were based on and validated by
dose measurements. Homogeneity, geometric distortion, artifacts, accuracy of
Hounsfield values, contrast, and spatial resolution were evaluated in different
imaging phantoms. Whitney-Mann U Test and Spearman Q were used for
statistical analysis.
Results: Homogeneity reached 2.5% for the FPCT and 0.5% for the MDCT.
Hounsfield values were more accurate and contrast to noise ratios were higher
for the MDCT than the FPCT (P e 0.001). The MDCT depicted more rod inserts
than the FPCT did. No significant geometric distortion was detected in either
modality. The FPCT was more prone to artifacts around Krischner wires with a
diameter of 2 mm (P = 0.05-0.001), whereas the MDCT showed a higher amount
of artifacts around wires with a diameter of 0.8 mm (P e 0.001). Spatial resolution was 1 lp/mm (xy), 1.7 lp/mm (z) for the FPCT and 1 lp/mm (xy), less than
1 lp/mm (z) for the MDCT.
Conclusions: We compared a mobile FPCT and a 320-row MDCT by using
the same radiation dose for scans. We found the spatial resolution to be higher
in the FPCT. Hounsfield units were more accurate and homogeneity and contrast
resolution were better in MDCT. The MDCTwas also less prone to artifacts from
thick Kirschner wires but showed comparably more artifacts around thin wires.
Key Words: flat-panel CT, cone beam CT, digital volume tomography,
image quality
(Invest Radiol 2014;49: 491Y497)

T

he main difference between a flat-panel computed tomography
(FPCT) and a conventional multidetector computed tomography
(MDCT) lies in the unit that detects x-rays. The MDCT features a
row detector, whereas the FPCT is equipped with an area (flat-panel)
detector. The detectors possess different properties that have a major
impact on imaging.
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The area detector of an FPCT has a small pixel size, leading to
a better spatial resolution than achievable with an MDCT.1 Most area
detectors are equipped with cesium iodide scintillators, which have a
smaller dynamic range and a longer afterglow than the scintillators
used in the row detectors of an MDCT. This fact generally results in a
reduction in the number of projections, a reduced contrast resolution
in the projection images, and a longer scanning time.2 Furthermore,
the geometrical and mechanical differences and the reconstruction
algorithm of an FPCT scanner are known to lead to additional imaging artifacts.3
Small compact FPCT scanners, also referred to as digital volume
tomographs, have found widespread application in the imaging of
the midfacial region, for example, craniofacial imaging within the last
decade.4 More recently, FPCT scanners have also proven to be advantageous in musculoskeletal imaging, especially because of their high
spatial resolution.5 In addition, FPCT scanners have been reported to
perform well in computed tomography (CT) arthrography.6,7 Lately,
several studies have been published pertaining to small compact FPCT
scanners capable of extremity imaging,8Y10 which now are commercially available in part.
In this study, we compared the image quality of a small mobile
FPCT dedicated to extremity imaging with that of a conventional
320-row MDCT. To eliminate confounding effects due to differences
in dose, we adjusted scanner settings to perform dose-equivalent
scans with both modalities. Given the published data, we expected
the mobile FPCT to have a higher spatial resolution but to perform
worse in homogeneity, contrast resolution, artifacts, and accuracy of
Hounsfield values.

MATERIALS AND METHODS
In this in vitro study, we performed the CT examinations only
with phantoms. Therefore, approval from our institution’s ethics committee was not required.

Dose Measurement and Monte Carlo Simulations
To calibrate and validate the Monte Carlo simulation models,
dose measurements were performed using Unfors RaySafe Xi system
with a CT pencil ionization chamber. Dose to the patient was calculated using Monte Carlo simulations. For this, the software tool
GMCTdospp was used.11 This software offers a graphical front end
for the EGSnrc12 user code CTdospp (Wulff J, Schmidt R, Fiebich M,
et al. Fast Kerma-Based Patient Dose Calculations in Diagnostic
Radiology Using EGSnrc. Talk at 51st AAPM Annual Meeting,
Anaheim, California, 2009). The GMCTdospp software package
is optimized for dose calculations in x-ray diagnostics for both 2- and
3-dimensional imaging. For all simulations a calibration is needed.
Dose per mAs was measured at the iso-center of the MDCT and
FPCT scanners for all needed kVp settings. The beam geometries
of the systems were set up as simulation models. X-ray spectra,
kVp settings, and prefiltrations were calculated using SpekCalc
www.investigativeradiology.com
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FIGURE 1. A, ROIs for the analysis of homogeneity. B, ROIs for analysis of CNRs. C, Donut ROI for artifact analysis around a Kirschner
wire (MDCT images; level/window, 500/2000).

software.13 Also, the ionization chambers were included into the
simulation model, and dose per impacting particle was calculated.
The quotient of measured dose to simulated dose delivers the simulation’s
calibration. Because the calibration itself cannot prove if the simulation is
correct, a standard computed tomography dose index-phantom was used
for the model’s validation. For all measurements in the computed tomography dose index-phantom, the calibration factors were calculated
and compared. Equality between calibration factors proved the simulation to be correct. Patient dose was simulated using the arm of the International Commission on Radiological Protection (ICRP) adult male
voxel phantom.14 The ICRP voxel phantom is based on patient data acquired in a whole-body CT scan. All structures and organs were segmented, and ICRU material definitions were assigned. After Monte Carlo
simulations were performed, the software generated a report containing
absorbed dose to every irradiated structure. This report was stored
for further analysis. As hands and arms do not contain risk organs
according to ICRP 103,15 effective dose calculations only have limited
usefulness. By adding all doses, we obtained the cumulative absorbed
dose per exam.

with line pair arrangements of Al and PMMA with varied spacing (1.0,
1.7, 2.0, 2.5, 2.8, 4.0, and 5.0 lp/mm). Geometric distortion was analyzed with an array of 2-mm-diameter air cavities at 10-mm intervals in
1 region of the phantom.16

Artifact Phantom
A vertically orientated, water-filled tube was used. The phantom’s thin wall consisted of polypropylene. For the different setups,
Kirschner wires were fixed in the middle of the tube, completely
surrounded by water. Scans of the different setups were performed
with the Kirschner wire being (1) a steel wire of 2 mm positioned
along the z-axis, no angulation in the x- or y- axis, (2) a steel wire of
2 mm positioned along the bisectrix of the x- and z-axes, (3) a steel
wire of 2 mm positioned along the bisectrix of the y- and z-axes, (4)
a titanium wire of 2 mm positioned along the z-axis, no angulation
in the x- or y- axis, (5) a steel wire of 0.8 mm positioned along the
z-axis, no angulation in the x- or y- axis, and (6) missing (water
filled tube only/empty control) (Table 1, Fig. 1C).

Phantoms
CT Homogeneity Phantom

Data Acquisition
Flat-Panel CT

A tube-shaped phantom with a diameter of 10 cm was used.
The phantom’s thin wall was made of polyethylene terephthalat, and
it was filled up with water only (Fig. 1A).

We used a mobile FPCT dedicated to the imaging of extremities (Verity; Planmed, Helsinki, Finland). For this scanner, the tube
voltage can be modulated from 80 to 96 kVp in 5 increments. The
tube current is also adjustable stepwise between 14.4 and 72 mAs.
During acquisition, the device rotates 210-, taking 300 projection
images. The examination takes 18 seconds with a field of view
(FOV) of 16 cm (xy) and 13 cm (z). Axial images were reconstructed
with a matrix of 801  801 pixels, a slice thickness and spacing
of 0.2 mm, filtered back projection algorithm, and Hamming kernel
(Mr Juhamatti Malm, Planmed, personal communication).

Contrast, Spatial Resolution, and Geometric
Distortion Phantom
To evaluate contrast resolution, aluminum (Al), polytetrafluoroethylene (PTFE), polyoxymethylene (Delrin), low-density polyethylene (LDPE), and air rods with diameters of 5, 4, 3, 2, and 1 mm,
respectively, were used. Additional 25-mm-diameter rods of the previously mentioned materials were put to use for evaluation of contrastto-noise ratio (CNR) (Fig. 1B). All rod inserts were surrounded by
polymethylmethacrylate (PMMA). Spatial resolution was analyzed
TABLE 1. Artifact Phantom Setups of the Kirschner Wire
Setup No.
1
2
3
4
5
6

492

Position

Material Diameter, mm

Along the z-axis
Steel
Along the bisectrix of x- and z-axes
Steel
Along the bisectrix of y- and z-axes
Steel
Along the z-axis
Titanium
Along the z-axis
Steel
Empty control
V

www.investigativeradiology.com

2
2
2
2
0.8
V

Multidetector CT
A 320-row MDCT (Aquilion One, Toshiba, Otawara-shi, Japan)
was used. Tube voltage can be set to 135, 120, 100, or 80 kVp and
tube current can be altered in multiple increments. We used a single
volume shot protocol with a rotation time of 0.375 seconds and
a FOV of 18 cm (xy) and 12.8 cm (z). Images were reconstructed
with a matrix of 512  512 pixels and a slice thickness and spacing

FIGURE 2. A, Formula for homogeneity. B, Formula for CNR.
* 2014 Lippincott Williams & Wilkins
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of 0.2 mm. A standard bone kernel and iterative algorithm were used
(FC30/AIDR3D).

Flat-Panel CT vs Multidetector CT

TABLE 3. Uncertainty for the Multidetector Computed
Tomography Simulation Model

Image Data Analysis

Uncertainty

Quantitative Analysis

kVp

Iso-Center

4 cm From Iso-Center

CT Homogeneity Phantom. Analysis was performed with
ImageJ.17 To measure the CT numbers, we placed 1 fixed circular
region of interest (ROI) in the center and 4 in the outlying area of
axial images of the phantom (Fig. 1A). Homogeneity was calculated
using the formula in Figure 2A.18
Contrast Resolution Phantom. Images were analyzed with
ImageJ.17 Mean (SD) pixel values were measured from a fixed ROI
covering 23 mm of the 25-mm-diameter rod inserts and from a plain
PMMA insert right next to the rod (Fig. 1B). The CNR was calculated as described in Figure 2B.19
Artifact Phantom. To analyze the extent of artifacts in all
setups for each modality, axial DICOM images of the central FOV
were imported to ImageJ. The standard deviation of CT numbers
was analyzed in a fixed donut-shaped ROI with an inner diameter
of 6 mm centered around the Kirscher wire and an outer diameter of
50 mm (Fig. 1C) to measure all influential artifacts for extremity
imaging. Values of setup 6 (no wire/empty control) were subtracted
from those of setups 1 to 5. The calculated differences were compared between both modalities.
All measurements were repeated 9 times with 3 different scans.

80
100
120
135

1.1%
0.9%
0.5%
0.8%

2.5%
2.3%
1.9%
2.2%

Qualitative Analysis
Contrast, Spatial Resolution, and Geometric Distortion Phantom.
Two blinded, independent observers (J.N. and H.L.) evaluated the rod
inserts of all tested materials by counting the number of rods that were
clearly depicted. We used a score from 1 to 5, with 1 being only 1 rod
depicted and 5 being all rods depicted.
Spatial resolution inserts were analyzed by determining the bar
pattern with the smallest distances that were still clearly depicted.
This resulted in a score from 0 to 7, with 0 being a resolution less than
1 lp/mm and 7 being a resolution equal to or greater than 5 lp/mm.
Geometric distortion was analyzed by measuring 4 defined
distances between air gaps in the array. Measurements were correlated to the mathematically correct values. An error of 2 mm per
measurement was accepted.
Every qualitative analysis was repeated 9 times with 3 different scans. The scans were evaluated in a PACS (AGFA Impax 6,
Agfa, Mortsel, Belgium) on 1 standardized workstation. Displays
(RadiForce RX220; EIZO Corp, Hakusan, Ishikawa, Japan) were
calibrated according to DICOM part 14,20 and viewing conditions
were consistent.

Armonk, NY, 2010). For the qualitative analysis of contrast and spatial
resolution, phantom median scores were calculated and interrater correlation was analyzed with Spearman Q test.
For the quantitative analysis, mean or median values were
displayed and results for FPCT and MDCT were compared with the
Whitney-Mann U test using an exact permutation form. Statistical
significance was assumed with P being e0.05.

RESULTS
Calibration and Validation of Monte Carlo Simulation
The validation of the FPCT simulation model showed good
compliance to measurements. The mean uncertainty lay between
1.8% for 80 kVp and 3.5% for 96 kVp. Uncertainties are shown
in Table 2.
Every MDCT system contains a so-called bow tie filter,21
whose primary task is to deliver a homogeneous dose distribution in
the patient. The geometry of this filter is unpublished. Therefore, its
shape can only be approximated by measurement.
For CT examinations of the hand and arm, this form filter
has no great influence. We validated a FOV with a radius of 4 cm
around an iso-center (Table 3). The differences between the uncertainty
at the iso-center and at 4 cm from the iso-center are caused by the form
filter. For calculations of uncertainty, the maximum values were taken
into account.
To create a realistic setting, we chose a default protocol in the
FPCT with 96 kVp and 45 mAs. The cumulated absorbed dose in the
arm was calculated as 11.25 T 0.39 mGy per examination. We adjusted the MDCT to 100 kVp and 34 mAs to meet this dose with a
calculated value of 11.13 T 0.26 mGy.

Quantitative Data
The mean CT numbers for air, LDPE, Delrin, PTFE, and Al
were more accurate in the MDCT than in the FPCT (Table 4). The
MDCT showed higher CNRs than the FPCT did for all tested materials (Table 5).

Statistics
Calculations were performed using commercially available software (IBM SPSS Statistics for Windows Version 19.0; IBM Corp,

TABLE 4. CT Numbers (Mean) for Tested Materials
CT Numbers
Material

TABLE 2. Uncertainty for the Flat-Panel Computed Tomography
Simulation Model
kVp

Uncertainty

80
84
88
90
92
96

1.8%
2.2%
2.0%
2.2%
2.9%
3.5%

* 2014 Lippincott Williams & Wilkins

Air
LDPE
Delrin
PTFE
Al

35,36

Nominal Value
j1000
j100
340
990
3488

FPCT

MDCT

j697
j75
195
562
1124

j991
j94
341
972
2356

All values differ significantly between FPCT and MDCT with P e 0.001.
CT indicates computed tomography; FPCT, flat-panel computed tomography; MDCT, multidetector computed tomography; LDPE, low-density polyethylene; Delrin, polyoxymethylene; PTFE, polytetrafluoroethylene; Al,
aluminum.
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TABLE 5. CNR (Median)
CNR
Material
Air
LDPE
Delrin
PTFE
Al

FPCT

MDCT

2.39
0.43
0.44
1.4
2.66

3.06
0.57
0.55
2.22
5.59

All values differ significantly between FPCT and MDCT with P e 0.001.
CNR indicates contrast-to-noise ratio; FPCT, flat-panel computed tomography; MDCT, multidetector computed tomography; LDPE, low-density
polyethylene; Delrin, polyoxymethylene; PTFE, polytetrafluoroethylene; Al,
aluminum.

The median homogeneity for FPCT and MDCT was 2.5% and
0.5%, respectively (P e 0.001). The FPCT showed mild ring artifacts
in the water phantom (Fig. 3).
The FPCT showed significantly higher differences of the standard deviation around a 2-mm steel wire positioned along the z-axis
(eg, Fig. 4) and angulated in the x and y directions. This was also the
case for the 2-mm-thick wire made of titanium. The MDCT, on the
other hand, showed significantly higher differences of the standard
deviation around the thin wire with a diameter of 0.8 mm (Table 6).

Qualitative Data
Spatial resolution was 1 lp/mm (xy) and 1.7 lp/mm (z) for FPCT
and 1 lp/mm (xy) and less than 1 lp/mm (z) for MDCT (Fig. 5, Table 7).
Geometric distortion was not detected in either modality. The interrater
agreement for spatial resolution and geometric distortion was perfect.
Both FPCT and MDCT could depict the rod inserts of Al,
PTFE, LDPE, and air perfectly. The only difference was found for the
Delrin rod inserts. The MDCT could depict the Delrin rod inserts
with 2-mm diameter, whereas the FPCT only detected Delrin rods up
to 3 mm in diameter (Fig. 6). Correlation between the 2 observers
was given, with Spearman Q being 0.831 (P e 0.001).

DISCUSSION
Flat-panel CT scanners are believed to apply less radiation
dose than conventional MDCT scanners do.22Y25 However, in many
studies, the radiation dose could not be correlated to the image
quality.23Y26 Damet et al22 found comparable image quality with respect to diagnostic capability for the 2 modalities while measuring
moderately reduced radiation dose in the FPCT for target organs.
Kyriakou et al18 compared various FPCTs with an MDCT and found

FIGURE 4. Artifacts around a 2-mm steel Kirschner wire
positioned along the z-axis (image edge length, 8 cm; L/W,
0/2000).

the MDCT to perform better in spatial and contrast resolution at a
comparable dose level. To ensure that the differences in image quality
were not due to varying radiation dose, our goal was to perform scans
with the same radiation dose in both modalities. Thus, all detected
differences in image quality were sure to originate from the observed
systems. To our knowledge, this is the first study with this attempt.
In our study, we found, for one, that the FPCT featured a
higher spatial resolution ranging from 1 to 1.7 lp/mm, whereas the
MDCT could depict only less than 1 to 1 lp/mm. Because the spatial
resolution depends mainly on the detector, this result is not surprising. Flat-panel detectors are known to provide a higher spatial resolution than row detectors do.3 Another point that could lead to an
inferior performance of the MDCT is the 512  512 pixel imaging
matrix. To minimize this effect, we adjusted the FOV. Also, the spatial resolution is always affected by the reconstruction filter.27 The
impact of the reconstruction filter was, however, not part of this study
(see limitations).
Second, we found the MDCT to have a better contrast resolution. The MDCT showed higher CNRs and could depict more rod
inserts than the FPCT can. Contrast resolution is influenced mainly
by radiation dose, scatter, and the dynamic range of the detector.2
In this study, we performed examinations with the same radiation
dose. Wide Z-collimation, which leads to scatter, was present in both
the FPCT and the MDCT. However, a higher amount of scatter
fractions reaches the elements of the flat-panel detector as it lacks
an antiscatter grid. The detectors of FPCT scanners are known to be
less efficient than their counterparts in MDCT scanners.3 Thus, we
suggest that a more efficient detector that is able to compensate for
the photons absorbed by an antiscatter grid could lead to a superior
contrast resolution of the MDCT scanner. Also, the difference in the
detector’s dynamic range may contribute to this result.

TABLE 6. Artifact Analysis: Mean Differences of Standard
Deviations ($SD) Between Setups 1Y5 and the Empty Control
(Setup 6)
Setup
No.
1
2
3
4
5

FIGURE 3. Representative images from FPCT and MDCT of
the homogeneity phantom (L/W, 1000/3000; inverted).
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$SD
FPCT

MDCT

P

38
80
110
7
4

32
50
38
3
13

0.004
G0.001
G0.001
0.050
G0.001

For setup explanation, see Table 1.
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FIGURE 5. Representative images from FPCT and MDCT
depicting the spatial resolution insert (L/W, 1000/3000).

We also found that the MDCT performed better in homogeneity. Because of cupping artifacts,27 the FPCT showed an underestimation of CT numbers in the center of the FOV (eg, Fig. 3),
resulting in a homogeneity of 2.5%. Using the same dose, in this
experimental setting, the MDCT reached a homogeneity of 0.5%.
Cupping artifacts are a result of beam hardening; therefore, the x-ray
spectrum is of interest here. It is unlikely that the small difference of
4 kVp between the protocols of FPCT and MDCT resulted in such
distinct differences in beam hardening. Kyriakou et al18 also found
FPCTs to show occasionally severe cupping artifacts and have a
worse homogeneity than a standard MDCT. Differences in geometry,
scatter, dynamic range of the detectors, and imaging reconstruction
are likely reasons for the varying performance of the scanners. The
lower homogeneity might have some, but minor, impact on the
measurements of the other parameters.
Furthermore, the CT numbers were more accurate in the
MDCT. We tested Al, PTFE, Delrin, LDPE, and air in the outlying
area of the FOV to overcome cupping artifacts. Still, the results of
the MDCT were significantly closer to the nominal values. In our
clinical practice, the MDCT has to undergo a much stricter calibration than the FPCT.18 It seems logical that placing higher demands
on the manufacturers in this point results in superior performance of
the MDCT. However, it is questionable whether the FPCT could
reach the quality of the MDCT due to the same reasons that led to a
lower contrast resolution (see above).

TABLE 7. Spatial Resolution
FPCT
x/y
z

1 lp/mm
1.7 lp/mm

MDCT
1 lp/mm
G1 lp/mm

FPCT indicates flat-panel computed tomography; MDCT, multidetector
computed tomography.

* 2014 Lippincott Williams & Wilkins

FIGURE 6. Representative images from FPCT and MDCT of
the contrast resolution inserts (L/W, 1000/3000).

Artifacts are known to differ between FPCT and MDCT.28,29
We found the artifacts around Kirschner wires to have completely
different configurations in FPCT and MDCT. The FPCT showed a
good depiction of the wire itself, but with distinct hyperdense streak
artifacts in the direct vicinity. Also, sharp hyperdense line artifacts
were present in the periphery of the FOV. In contrast, the MDCT
showed hypodense artifacts in and directly around the wire, and
the hyperdense streak artifacts in the direct vicinity of the wire
www.investigativeradiology.com
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were smaller. No larger artifacts were seen in the periphery. To
measure all influential artifacts for extremity imaging, we performed
ROI analysis around the wires measuring the standard deviation.
Simply comparing the standard deviation would not have done justice
to the fact that we had to use different image reconstruction algorithms. Thus, we compared the differences of the standard deviation
between an empty control and the setups with wires.
Lastly, we found that the FPCT was more prone to artifacts
around wires with 2-mm diameter. Interestingly, the MDCT showed
significantly more artifacts around the thin wire with a diameter of
0.8 mm. To explain these results, we assume that the artifacts
detected in this study mainly derived from 2 different effects: first,
beam-hardening and, second, photon starvation. Presumably, the
strong artifacts around the 2-mm wires in the FPCT resulted primarily from photon starvation. The larger dynamic range of the detector, iterative reconstruction techniques, and perhaps the minimally
higher kVp most probably led to fewer artifacts in the MDCT in these
setups. On the contrary, we think that the higher spatial resolution of
the FPCT’s detector helped to reduce beam-hardening artifacts
around the thin wire even beyond the level of the MDCT.
The results coincide with our first experiences in clinical
practice. Especially bone structures adjacent to thick Kirschner wires
are often not evaluable in the FPCT because of artifacts. In the
clinical situation, the MDCT has the possibility to minimize these
artifacts even further, such as through a higher kVp and compensation in image reconstruction. Moreover, we must acknowledge
that the much faster imaging of the MDCT (0.375 vs 18 seconds
in the FPCT) greatly decreases motion artifacts, which were, however, not analyzed in this study. Especially for the MDCT, artifacts
could also be further reduced using dual-energy technique.30 Notwithstanding, further improved iterative reconstruction and image
procession techniques could substantially reduce artifacts in both
scanner types.31

Limitations
We compared a small compact FPCT with an MDCT on the
basis of the properties of the former. Thus, the results are restricted to
this specific comparison. The image reconstruction processes, including the filters, are different between the FPCT and the MDCT
that were tested. The image reconstruction in FPCT and MDCT is
based on the mathematical principles of the Radon Transformation32
and is known as filtered back projection. With the development of
scanners with larger coverage along the z-axis, this algorithm had to
be modified. This was done by Feldkamp et al.33 Filtered back projection based on this algorithm is still in use today in all FPCT systems, as well, in modified form, for sequential scans in MDCT. For
helical scans, the reconstruction algorithm was adjusted to fit the
spiral movement.34 The most significant difference between FPCT
and MDCT reconstruction might even be caused by the experience
the developers have. Vendors of MDCT benefit from much greater
experience in image reconstruction. Usually, it is possible to modify
more reconstruction parameters in MDCTs than in compact FPCTs.
For example, there are various convolution kernels that can be altered
in MDCT scanners. These kernels have a tremendous effect on image
properties and can also be used to reduce artifacts.11 In this study, it
was not possible to use the same image reconstruction process in
MDCT and FPCT because of the scanner design. Thus, we cannot
evaluate the impact of reconstruction processes on our images. Last,
but not least, we must emphasize that this is an in vitro study. The
results are in need of clinical confirmation.

Conclusion
In this phantom study, we compared a mobile FPCT and a
320-row MDCT by using the same radiation dose for scans. We
found that the spatial resolution was higher in the FPCT. Computed
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tomography numbers were more accurate and homogeneity as well
as contrast resolution were better in the MDCT. In addition, the
MDCT was also less prone to artifacts from thick Kirschner wires
but showed comparably more artifacts around thin wires.
REFERENCES
1. Kalender WA. The use of flat-panel detectors for CT imaging. Radiologe.
2003;43:379Y387.
2. Gupta R, Grasruck M, Suess C, et al. Ultra-high resolution flat-panel volume
CT: fundamental principles, design architecture, and system characterization.
Eur Radiol. 2006;16:1191Y1205.
3. Kalender WA, Kyriakou Y. Flat-detector computed tomography (FD-CT). Eur
Radiol. 2007;17:2767Y2779.
4. Scarfe WC, Farman AG. What is cone-beam CT and how does it work? Dent
Clin North Am. 2008;52:707Y730, v.
5. Reichardt B, Sarwar A, Bartling SH, et al. Musculoskeletal applications of flatpanel volume CT. Skeletal Radiol. 2008;37:1069Y1076.
6. Guggenberger R, Fischer MA, Hodler J, et al. Flat-panel CT arthrography:
feasibility study and comparison to multidetector CT arthrography. Invest
Radiol. 2012;47:312Y318.
7. Guggenberger R, Morsbach F, Alkadhi H, et al. C-arm flat-panel CT arthrography of the wrist and elbow: first experiences in human cadavers. Skeletal
Radiol. 2013;42:419Y429.
8. Zbijewski W, De Jean P, Prakash P, et al. A dedicated cone-beam CT system
for musculoskeletal extremities imaging: design, optimization, and initial performance characterization. Med Phys. 2011;38:4700Y4713.
9. Tuominen EK, Kankare J, Koskinen SK, et al. Weight-bearing CT imaging of
the lower extremity. AJR Am J Roentgenol. 2012;200:146Y148.
10. De Cock J, Mermuys K, Goubau J, et al. Cone-beam computed tomography: a
new low dose, high resolution imaging technique of the wrist, presentation of
three cases with technique. Skeletal Radiol. 2012;41:93Y96.
11. Schmidt R, Wulff J, Kaestner B, et al. Monte Carlo based calculation of patient
exposure in X-ray CT-examinations. 4th European Conference of the International Federation for Medical and Biological Engineering. 2009:2487Y2490.
12. EGSnrc. Software tool to model radiation transport. Available at: http://
www.nrc-cnrc.gc.ca/eng/solutions/advisory/egsnrc_index.html. Accessed July
15, 2013.
13. Poludniowski G, Landry G, DeBlois F, et al. SpekCalc: a program to calculate
photon spectra from tungsten anode x-ray tubes. Phys Med Biol. 2009;54:
N433YN438.
14. Menzel HG, Clement C, DeLuca P. ICRP publication 110. Realistic reference
phantoms: an ICRP/ICRU joint effort: a report of adult reference computational phantoms. Ann ICRP. 2009;39:1Y164.
15. International Commission on Radiological Protection. The 2007 Recommendations of the International Commission on Radiological Protection. ICRP
publication 103. Ann ICRP. 2007;37:1Y332.
16. Pauwels R, Beinsberger J, Stamatakis H, et al. Comparison of spatial and
contrast resolution for cone-beam computed tomography scanners. Oral Surg
Oral Med Oral Pathol Oral Radiol. 2012;114:127Y135.
17. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of
image analysis. Nat Methods. 2012;9:671Y675.
18. Kyriakou Y, Kolditz D, Langner O, et al. Digital volume tomography (DVT)
and multislice spiral CT (MSCT): an objective examination of dose and image
quality. Rofo. 2011;183:144Y153.
19. Guggenberger R, Winklhofer S, Spiczak JV, et al. In vitro high-resolution flatpanel computed tomographic arthrography for artificial cartilage defect detection: comparison with multidetector computed tomography. Invest Radiol.
2013;48:614Y621.
20. NEMA. DICOM Part 14: Grayscale Standard Display Function. 2011. Available
at: http://medical.nema.org/Dicom/2011/11_14pu.pdf. Accessed July 15, 2013.
21. McKenney SE, Nosratieh A, Gelskey D, et al. Experimental validation of a
method characterizing bow tie filters in CT scanners using a real-time dose
probe. Med Phys. 2011;38:1406Y1415.
22. Damet J, Sans-Merce M, Mieville F, et al. Comparison of organ doses and
image quality between CT and flat panel XperCT scans in wrist and inner ear
examinations. Radiat Prot Dosimetry. 2010;139:164Y168.
23. Loubele M, Bogaerts R, Van Dijck E, et al. Comparison between effective
radiation dose of CBCT and MSCT scanners for dentomaxillofacial applications. Eur J Radiol. 2009;71:461Y468.

* 2014 Lippincott Williams & Wilkins

Copyright © 2014 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Investigative Radiology

& Volume 49, Number 7, July 2014

24. Schulze D, Heiland M, Thurmann H, et al. Radiation exposure during midfacial
imaging using 4- and 16-slice computed tomography, cone beam computed
tomography systems and conventional radiography. Dentomaxillofac Radiol.
2004;33:83Y86.
25. Koivisto J, Kiljunen T, Wolff J, et al. Assessment of effective radiation dose of
an extremity CBCT, MSCT and conventional X ray for knee area using
MOSFET dosemeters. Radiat Prot Dosimetry. 2013;157:515Y524.
26. Orth RC, Wallace MJ, Kuo MD. C-arm cone-beam CT: general principles and
technical considerations for use in interventional radiology. J Vasc Interv
Radiol. 2008;19:814Y820.
27. Barrett JF, Keat N. Artifacts in CT: recognition and avoidance. Radiographics.
2004;24:1679Y1691.
28. Draenert FG, Coppenrath E, Herzog P, et al. Beam hardening artefacts occur
in dental implant scans with the NewTom cone beam CT but not with the
dental 4-row multidetector CT. Dentomaxillofac Radiol. 2007;36:198Y203.
29. Schulze R, Heil U, Gross D, et al. Artefacts in CBCT: a review. Dentomaxillofac
Radiol. 2011;40:265Y273.

* 2014 Lippincott Williams & Wilkins

Flat-Panel CT vs Multidetector CT

30. Meinel FG, Bischoff B, Zhang Q, et al. Metal artifact reduction by dual-energy
computed tomography using energetic extrapolation: a systematically optimized protocol. Invest Radiol. 2012;47:406Y414.
31. Prell D, Kyriakou Y, Kachelrie M, et al. Reducing metal artifacts in computed
tomography caused by hip endoprostheses using a physics-based approach.
Invest Radiol. 2010;45:747Y754.
32. Radon J. On the determination of functions from their integral values along
certain manifolds. IEEE Trans Med Imaging. 1986;5:170Y176.
33. Feldkamp LA, Davis LC, Kress JW. Practical cone-beam algorithm. J Opt Soc
Am A Opt Image Sci Vis. 1984;1:612Y619.
34. Kalender WA. X-ray computed tomography. Phys Med Biol. 2006;51:R29YR43.
35. Blendl C, Fiebich M, Voigt JM, et al. Investigation on the 3 D geometric accuracy and on the image quality (MTF, SNR and NPS) of volume tomography
units (CT, CBCT and DVT). Rofo. 2012;184:24Y31.
36. The-Phantom-Laboratory. Catphan\ 500 and 600 Manual. Salem, NY: The
Phantom Laboratory; 2006:17.

www.investigativeradiology.com

Copyright © 2014 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

497

Quality/Quality Assurance

785

Dose Management for X-Ray and CT: Systematic Comparison of
Exposition Values from Two Institutes to Diagnostic Reference
Levels and Use of Results for Optimisation of Exposition

Authors

S. Schäfer1, E Alejandre-Lafont1, T. Schmidt2, E. R. Gizewski3, M. Fiebich4, G. A. Krombach1

Affiliations

1
2
3
4

Radiology, University Hospital Giessen
Neuroradiology, University Hospital Giessen
Neuroradiology, University Hospital Insbruck
Institute of Medical Physics and Radiation Protection, University of Applied Sciences, Giessen

Key words

Abstract

"

!

● reference levels
● dose monitoring
● dose management
● dose optimization
"
"
"

received
accepted

18.6.2013
9.12.2013

Bibliography
DOI http://dx.doi.org/
10.1055/s-0033-1356425
Published online: 1.4.2014
Fortschr Röntgenstr 2014; 186:
785–794 © Georg Thieme
Verlag KG Stuttgart · New York ·
ISSN 1438-9029

Correspondence
Prof. Gabriele Anja Krombach
Klinik für Diagnostische und
Interventionelle Radiologie,
Universitätsklinikum Gießen,
Justus-Liebig Universität Gießen
Klinikstraße 33
35392 Gießen
Tel.: ++ 49/6 41/98 54 18 00
Fax: ++ 49/6 41/98 54 18 09
gabriele.krombach@
uniklinikum-giessen.de

Purpose: In 2 institutions exposure values
were evaluated and compared with the 2010
updated diagnostic reference levels (DRL) and
possibilities for decreasing the dose assessed.
Materials and Methods: Mean exposure values obtained during a 3-month period were
calculated for all modalities (X-ray: imaging
plate system and digital detector; dual-source
64- and 16- slice spiral CT) as well as examination types were compared to old diagnostic
reference levels in addition to DRLs introduced in 2010. Then 10 examinations of all
modalities and types were accompanied by a
medical physicist and optimized stepwise if
necessary.
Results: The mean values of X-ray examinations were above DRL. All accompanied examinations were beyond DRL except lateral
lumbar spine (LSP) and lateral thoracic X-ray,
which were elevated due to statistical outliers
from morbidly obese patients or patients
with metallic implants. For a-p LSP tube voltage was increased. While image quality was
maintained, dose area product (DAP) was reduced by 50 % to123 ± 61 cGy · cm² for LSP a-p
and 30 % for lateral LSP to 229 ± 116 cGy · cm².
For CT examinations, dose was below DRL.
Accompanied examinations of the lumbar
spine performed on a 16-slice spiral CT demonstrated a result 68 % above DRL with dose
length product (DLP) of 840 ± 252 cGy · cm.
For optimization, pitch and tube voltage
were stepwise increased and DLP reduced below DRL.
Conclusion: Systematic analysis of our internal exposure values on the occasion of adaptation of DRL is crucial for prompt detection
of exceeded values independently from assessment by the responsible authority and in-

itiation of proper measures for decreasing exposure dose. Hereby active dose management
is attained.
Key Points:
▶ Analysis of exposure values for high data
volumes obtained from the Radiology Information System (RIS) is possible independent of weight.
▶ Summation of small groups of patients
with different weights might result in high
exposure values (DRL 70 kg).
▶ If high exposure values are observed in
small groups of patients, individual analysis of examinations is mandatory.
▶ Active dose management can be obtained
by an analysis of average exposure of all examinations obtained during a specific observation period.
▶ Potential for optimization of exposure values might be possible even they fall below
DRL.
Citation Format:
▶ Schäfer S, Alejandre-Lafont E, Schmidt T
et al. Dose Management for X-Ray and CT:
Systematic Comparison of Exposition Values from two Institutes to Diagnostic Reference Levels and Use of Results for Optimisation of Exposition. Fortschr Röntgenstr
2014; 186: 785–794

Zusammenfassung
!

Ziel: Es sollten die Dosiswerte hinsichtlich der
2010 angepassten diagnostischen Referenzwerte
(DRW) überprüft und Möglichkeiten zur Dosiseinsparung evaluiert werden.
Material und Methoden: Aus den Expositionswerte von 3 Monaten wurden für alle Modalitäten Mittelwerte gebildet und mit den alten und
2010 aktualisierten DRW verglichen. Je 10 Unter-
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Dosismanagement für konventionelles Röntgen und CT: Systematischer
Vergleich der Expositionswerte zweier radiologischer Institute mit den
diagnostischen Referenzwerten und Verwendung der Ergebnisse zur
Optimierung der Strahlenexposition bei diagnostischen Untersuchungen
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suchungen der unterschiedlichen Arten wurden von einem Medizinphysiker begleitet und wenn nötig optimiert.
Ergebnisse: Die ermittelten Expositionswerte lagen unterhalb
der DRW. Die begleiteten Untersuchungen, mit Ausnahme der
anterior-posterior (a. p.) Aufnahme der LWS mit dem Speicherfoliensystem (Dosisflächenprodukt (DFP) 246 ± 203cGy · cm²; 7 %
über den DRW) und der lateralen Thoraxaufnahmen am digitalen
Detektor (71 ± 89 cGy · cm²; 29 % über den DRW), die durch Ausreißer bei metallischen Implantaten oder Adipositas erhöht
waren, lagen ebenfalls unter den DRW. Für a.-p. Untersuchungen
der LWS wurde die Röhrenspannung erhöht. So konnte bei gleicher Bildqualität eine Reduktion das Dosisflächenprodukt (DFP)
auf 123 ± 61cGy · cm² (LWS a.-p.) und 229 ± 116 cGy · cm² (lateral)
erzielt werden. Für die CT lagen die ermittelten Werte unterhalb
der neuen DRW. Für die begleiteten Untersuchungen wurden für
die LWS am 16-Zeilen-CT mit 840 ± 252 mGy · cm Dosislängenprodukt (DLP) Werte, die die DRW überstiegen, ermittelt. Bei
der Optimierung wurden Pitch und Röhrenspannung schrittweise erhöht, sodass das DLP unter die DRW reduziert werden
konnte.
Schlussfolgerung: Die systematische Analyse der eigenen Expositionswerte anlässlich der Anpassung der DRW ist entscheidend,
um Überschreitungen unabhängig von der Prüfung durch die
ärztliche Stelle zeitnah zu erkennen und geeignete Maßnahmen
zur Senkung der Expositionswerte einzuleiten. Hierdurch wird
ein aktives Dosismanagement erreicht.

Introduction
!

Compared to other fields, radiology has significantly benefited from the introduction of new methods and innovationbased improvement of established procedures. One aspect
of this is the continuous reduction of radiation exposure
during X-ray imaging since its implementation in clinical
practice. Compared with dosages in the early years, modern
X-ray equipment has reduced radiation doses for almost all
examination regions by more than 500 % [1, 2].
In Germany, legislation regulates radiation exposure protection for patients and examiners through the X-Ray Ordinance (RöV) established as federal law. The German X-ray
Ordinance went into effect on September 1, 1973 and was
revised on January 8, 1987. For a long time radiation exposure for diagnostic purposes only followed the ALARA principle (As Low As Reasonably Achievable). Standard dosage
values or diagnostic reference levels did not exist. For the
first time, the International Commission on Radiological
Protection (ICRP) recommended the application of dose reference levels in 1996 [3]. A year later, EURATOM (European
Atomic Energy Community), which likewise addresses the
requirements of radiation protection anchored this concept
in a patient protection directive [4] which required all EU
member states to include diagnostic reference levels (DRL)
into their respective national legislation. Dose reference
levels are defined as dose values which may not be exceeded during diagnostic applications on patients using standard dimensions or standard phantoms with commonly defined equipment.
In 1999 the European Commission finally issued a guideline
with exact recommendations for the introduction of standard dose levels which define the weight of the “standard patient” as 70 kg ± 3 kg. In addition, the Commission recommended using an average dose value of several unselected
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patients, at least 10 in number, as a substitute for the dose
for a standard patient as well as the introduction of uniform
diagnostic reference levels in the EU [5]. In Germany, diagnostic reference levels were first introduced in the revision
of the X-ray Ordinance dated June 18, 2002, and was thus
included into national law [6].
Since then, according to paragraph 16, sec. 1, sentence 3 of
the X-ray Ordinance, diagnostic reference levels must be established for radiation exposure during examinations of humans. Sentence 1 of the same paragraph specifies that the
reference values must be created and published by the Federal Office for Radiation (BfS). This was published for the
first time on August 5, 2003 in the German Federal Gazette
(Bundesanzeiger) No. 143 [5]. The DRLs for X-ray images are
indicated as dose area product (DAP) values; for CT these
are weighted computed tomography dose index values
(CTDIW) and dose length product (DLP) values.
The medical authorities review compliance with the diagnostic reference levels and report whenever these levels
are “consistently, unjustifiably exceeded” according to paragraph 17a, section 1 sentence 3 no. 2 of the X-Ray Ordinance
to the competent state authority, which after a review with
the operator together with the medical authority, recommends measures to reduce exposure to radiation.
Further, the BfS is required to regularly update the diagnostic reference levels. This is performed based on operatorsupplied exposure values provided to the BfS by the medical
authorities. On June 22, 2010, the BfS updated the diagnostic reference levels for the first time [6]. The new levels are
based on the 75th percentile of the distribution of mean
values of patient exposure, and for most examinations,
they lie below the values set prior to June 22, 2010 [7, 8].
Subsequently, operators are now required to review their
own DAP values as to whether they meet the new requirements, enact correct measures where necessary and institute activities to comply with the diagnostic reference levels. The experts at the Federal Office for Radiation expect
that both the patient dosage as well as the diagnostic reference levels will continue to decline in the long term, thus
further reducing the radiation load of the population due
to X-ray diagnostics [8].
Further, the X-ray Ordinance contains the explicit requirement to keep radiation exposure as low as possible, taking
into account state-of-the-art technology and considering
all circumstances of individual cases.
The purpose of this study was to review current dose values
with respect to diagnostic reference levels, to identify
examination types and equipment to determine the need
for optimization, and assess whether mean exposure levels
could be reduced using simple optimization activities.
This review was performed in two university radiological
institutes (Diagnostic and Interventional Radiology and
Neuroradiology) which at the time of data acquisition operated according to the pavilion principle, i. e. at two different
locations.

Materials and Methods
!

Anonymized exposure values were taken from the Radiological Information System (RIS) for a time period three
months prior to the analysis of all modalities and examina-
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tions. All data were entered manually into the RIS directly
after the respective examinations. Weight data were in
part taken from the KIS clinic information system. The investigation was performed at four different sub-units of
the pavilion system. Procedures for standard X-rays used
two devices: An imaging plate system (Agfa DX-S, Agfa, Louvain, Belgium) was used for orthopedic patients; the other
was equipped with a digital detector (Bucky Diagnost CS,
Philips, Best, Netherlands) and was used for surgery patients. In addition data from two different CT units were
evaluated, a 64-slice dual-source device for whole body examinations (SOMATOM Definition, Siemens, Erlangen, Germany and a 16-slice spiral CT scanner (LightSpeed 16, GE
Healthcare Germany, Munich), used for neuroradiological
examinations.
Mean values were established separately by examination
type and device; old and new diagnostic reference levels
were compared and analyzed to determine whether the
new DRLs were exceeded. Mean values were selected as a
parameter, since their use meet the requirements of the
guidelines of the “medical and dental authority”. In addition, outliers extending two standard deviations beyond
the mean value were included in the data sets. These examinations were reviewed by two experienced observers (20
and 22 years’ experience) who assessed the images with respect to explainable exposure values due to obesity or metallic implants, as well as errors in the images. The weight of
these patients was taken from the clinic information system
(KIS) for evaluation; excluded were patients whose weight
exceeded by at least 50 kg the standard 70 kg patient weight
according to EURATOM Patient Protection Directive, since
such patients would negatively affect the mean value. For
patients without weight data in the KIS, conclusions were
drawn with respect to patient weight based on the X-ray
and CT images; morbidly obese patients were excluded
from the evaluation. In total, approx. less than one percent
of the data sets was excluded from the analysis.

Then 10 examinations using different modalities were accompanied by a medical physicist in order to evaluate the
dose values with respect to the patients (size, weight, ability
to cooperate, etc.). The examination parameters and DAP
were recorded. In particular, examination types for which
diagnostic reference levels were available were included.
Since various departments in the pavilion system perform
different tasks, each examination type is not performed in
every department; correspondingly, data could be obtained
only for the respective examination types performed. Based
on these values, recommendations were developed for the
optimization of radiation exposure while maintaining image quality. In the case of examinations in which the mean
dose value exceeded the new diagnostic reference levels,
physicians, physicists and MTRAs worked together to find
optimization possibilities and implemented them.

Results
!

Dose Determination Results
The evaluation indicated high RIS data quality. Incorrect
" Fig. 1,
inputs were identified in only a few exceptions. ●
●" Table 1 provide an overview of the mean values for
X-ray images using the imaging plate system and the unit
with digital detector, using the dose values within a threemonth time frame. The mean values for both X-ray systems
lay significantly below the old and new diagnostic reference levels for all examinations. Thus, on average, the values for the imaging plate system were approx. 62 % of the
new diagnostic reference levels and 39 % of the old diagnostic reference levels. Values for the unit with the digital
detector were approx. 56 % of the new levels and 33 % of
the old. The unit with the digital detector exhibited somewhat higher exposure values compared to imaging plate
radiography. An incompletely adapted parameter selection
was identified as the source of this.

Fig. 1 Mean values of dose area product (cGy ×
cm²) for conventional X-ray images within a threemonth study period, compared to diagnostic reference levels.
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Mean exposure values (dose area product cGy × cm²) of X-ray examinations obtained with an imaging plate system and with a digital detector.

examination

imaging plate system
DAP

unit with digital detector

standard

number of

deviation

examinations

DAP

standard

number of

deviation

examinations

reference values

old reference

introduced in

values

2010

thorax p-a

14

4

10

3

1.8

50

16

20

thorax lateral

25

17

10

19

15.5

50

55

100

TSP a-p

72

67

26

99

22.2

44

130

220

TSP lateral

108

87

26

122

28.3

44

170

320

LSP a-p

158

130

149

161

21.8

43

230

320

LSP lateral

287

170

149

282

42.3

43

420

800

pelvis

138

162

375

198

25.6

38

300

500

abdomen

–

–

–

128

55.3

74

300

550

Table 2 Mean exposure values (dose area product cGy × cm²) of X-ray examinations accompanied by a medical physicist obtained using an imaging plate
system and a digital detector.

examination

imaging plate system
DAP

unit with digital detector

standard deviation

DAP

old reference values

introduced in 2010

thorax p-a

12

6

9.9

16

20

thorax lateral

71

89

28.8

11.1

55

100

TSP a-p

74

87

35

32.9

130

220

TSP lateral

84

80

59

40.1

170

320

LSP a-p

246

203

105

149.4

230

320

LSP lateral

331

176

178

204.4

420

800

pelvis

124

6

114

102.2

300

500

107

75.6

300

550

abdomen

12

standard deviation

reference values

Fig. 2 Mean values of dose area product (cGy ×
cm²) for X-ray examinations accompanied by a
medical physicist, compared to diagnostic reference levels.

● Fig. 2

shows an overview of the mean values for X-ray
images using the imaging plate system and the unit with di"
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Table 1

On average, the values lay significantly below the new diagnostic reference levels, with approx. 68 % of the DRLs for
the imaging plate system, and 53 % for the unit with the digital detector. In two examination types, however, the new
diagnostic reference levels were exceeded, as shown in
●" Table 2, 5. The dose levels of the a-p (anterior-posterior)
examination of the lumbar spine (LSP) with the imaging
plate system were somewhat raised and the mean value,
246 ± 203 cGy · cm² was approx. 7 % above the new diagnostic reference levels. Further, the dose for lateral thorax images with the imaging plate system significantly exceeded
the permitted mean value with 71 ± 89 cGy · cm², was 29 %
above the new diagnostic reference level. Since the diagnostic reference levels for lateral thorax examinations and the
a-p examinations of the lumbar spine were exceeded, the
individual images of both examination types were given
closer scrutiny.
●" Fig. 3, 4 show the mean dose levels for the images produced by both CT units for the various examination types

taken within the time frame of three months. However, due
to an earlier lack of specific diagnostic reference levels for
lumbar spine examinations, a comparison of dose levels
using old diagnostic reference levels for this examination is
not possible.
Without exception, the determined mean dose levels lay
below the old and new diagnostic reference levels for the
" Table 3). In this instance the
64-slice dual source unit (●
dose levels for examinations within the three-month time
frame were on average 57 % of the new reference levels and
only 34 % of the old levels. Likewise, the examinations accompanied by the medical physicists exhibit lower values
than the specified diagnostic reference levels. Compared
with dose levels in the investigation time period of three
months, these values were on average 70 % of the new levels
and 42 % of the old diagnostic reference levels.
The dose levels for the 16-slice spiral CT in the Neuroradiology department for examinations during the three-month
time frame were likewise below the DRLs, but with an aver-

Fig. 3 Mean values of dose length product (DLP) of examinations during
the three-month study period as well as examinations accompanied by a
medical physicist, obtained using a 64-slice dual source scanner, compared
to diagnostic reference levels.

Fig. 4 Mean values of dose length product (DLP) of examinations during
the three-month study period and as well as examinations accompanied by
a medical physicist, obtained using a 16-slice spiral CT scanner, compared
to diagnostic reference levels.

Table 3

Mean exposure values (DLP in mGy × cm) obtained using a 64-slice dual source CT.

examination

3-month examination time frame
DLP

standard

number of

deviation

examinations

thorax

233

122.5

abdomen

427

LSP
pelvis

accompanied examinations
number of

reference values

old reference

introduced in

values

DLP

standard
deviation

examinations

141

319

137

29

500

650

225.9

169

492

334

11

900

1500

362

106.4

16

444

469

12

500

–

274

37

9

322

89

4

450

2010

750
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Table 4

Mean exposure values (DLP in mGy × cm) obtained using a 16-slice spiral CT.

examination

3-month examination time frame
DLP

standard

number of

deviation

examinations

accompanied examinations
DLP

standard

number of

deviation

examinations

reference values

old reference

introduced in

values

2010

cranium

808

120

761

814

137

10

950

1050

visceral cranium
(tumor diagnosis)

208

119

31

167

128

10

250

360

LSP

425

149

27

840

252

13

500

age of approx. 84 % of the new diagnostic reference levels,
and 67 % of the old levels, somewhat higher in comparison
to the dose levels for the Somatom Definition.
In the examinations on the 16-slice spiral CT accompanied
by the medical physicist, the mean dose value of 840.08 ±
252.12 mGy · cm for the lumbar spine examination significantly exceeded the permitted DRL by about 68 %. On
the other hand, the dose levels for examinations of the
cranium and nasal sinuses were on average 76 % of the new
diagnostic reference levels and 62 % of the old levels, i. e.
significantly below the specified DRLs. The values for the
" Table 4. Optimization
16-slice spiral CT are summarized in ●
was performed for this examination type since this device
exceeded the reference dose level during the lumbar spine
examinations in the accompanying investigations.

Table 5 Accompanied lateral thorax examinations on the system with the
digital detector, exposure values of the 10 examinations and mean value.
Tube voltage 125 kV.

tube current × time (mAs)

dose area product (cGy × cm²)

35.0

207

9.0

36

8.7

45

3.5

23

5.7

33

4.9

30

45.0

267

5.8

37

3.6

19

1.9

10

Mean 12.3

Mean 71

Optimization
!

The first step toward optimization was to look at the parameters of the selected examinations based on the outliers
and view the images. Notable are the wide variations within
the two examination types, lying between the highest and
" Table 5, 6). The images with
lowest values of the data set (●
high levels were first checked for possible error sources during the examination, such as faulty collimation. Once this
was ruled out, both with respect to the performance of the
examination as well as the available images, the images of
the accompanied examinations which exhibited excessive
exposure levels were then checked for metallic implants or
morbid obesity. This was confirmed for all individual images with values lying above the diagnostic reference levels.
Examinations with highly elevated exposure levels can occur here such as a DAP value of 757.00 cGy · cm² for a lumbar
spine a-p examination of a patient weighing 145 kg. For this
reason it is useful not to include such individual outliers in
the study since the definition of standard patient with a
weight of 70 ± 3 kg is also specified by the European Commission. Without these outliers, the mean value for a lateral
thorax examination is calculated to be 29 ± 10 cGy · cm²,
and the mean for an a-p examination of the lumbar spine
is 189 ± 95 cGy · cm². Both values lie beneath the diagnostic
reference level.
In addition, the tube voltage was increased in accordance
with the limits recommended by the German Medical Association. The tube voltage for a-p lumbar spine examinations
was increased to 75 – 85 kV (previously 65 – 75 kV), and increased to 85 – 95 kV for lateral lumbar spine examinations
(previously 75 – 85 kV).
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Table 6 Accompanied lateral lumbar spine examinations obtained on the
imaging plate system; values of the 10 accompanied examinations and mean
value from these examinations.

tube voltage (kv)

tube current × time

dose area product

(mas)

(cgy × cm²)

81

191.0

757.0

77

66.8

208.4

77

14.9

40.7

77

41.2

110.1

77

111.0

318.9

81

65.1

232.0

81

49.4

246.0

77

58.5

175.8

77

23.2

61.0

77

98.7

308.0

mean 72

mean 245.79

As the analysis of examinations of 10 additional patients
demonstrated, this led to a DAP reduction by approx. 50 %
to 123 ± 61.25 cGy · cm² for a lumbar spine (LSP) a-p examination and approx. 30 % for a lateral LSP examination to
229 ± 116.46 cGy · cm². Due to theoretical considerations
this cannot be traced solely to the increase to 10 kV
tube charge, which resulted only in a dose reduction of
20 – 30 % for patients of normal weight. Inspection of the
images by two experienced observers indicated that the
diagnostic image quality after this adjustment was not re" Fig. 5).
stricted (●
Another option to reduce the dose is to take into account
the characteristics of X-ray images of patients with metallic
prostheses. Depending of the position of the prosthesis
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with respect to the X-ray chamber, the dose can under circumstances be increased, since the metal absorbs the radiation almost completely. Consequently the automatic exposure control incorrectly characterizes the image as
underexposed and increases the exposure time. Therefore
it is advisable in such cases to use manual exposure, as successfully practiced using the image plate system. This results, on average, in 123.54 ± 5.94 cGy · cm² required for pelvis images using this equipment, about half the diagnostic
reference level of 300 cGy · cm² specified in the German
X-ray Ordinance.
Further, the examination parameters for a lumbar spine
examination using a 16-slice spiral CT unit were reviewed
in detail. The examination parameters were as follows:
tube voltage 120 kV, mAs 300, pitch 0.56, slice thickness
1.25 mm, noise index 16.3.
Compared with BfS specifications, it could be seen that the
DAP and CT dose index are increased, thus the optimization
task was to adjust the parameters affecting CTDIVol. It was
further observed that the average scan length for lumbar
spine examinations on the CT unit in the department studied is significantly higher (13 cm) than the scan length specified by the BfS for determining the diagnostic reference
level (6 cm). For this reason there was a consideration of
how the selected scan length was justified by the clinical issue. However, this was always the case, and therefore the
scan length could not be reduced.
Nagel’s guidelines for the evaluation and optimization of radiation exposure for CT examinations [10] recommend a
pitch of 1 and an image voltage of 140 kV for lumbar spine
examinations; due to high contrast, this provides sufficient
image contrast for the observed object. Therefore the first
optimization step was to increase the unusually low pitch.
The second step was to increase the image acquisition voltage while correspondingly reducing the tube voltage. After
each step, the change in dose was reviewed in a random
sample of 10 examinations. In addition, image quality was
assessed by two experienced radiologists after each optimization measure. First, operation of the automatic exposure
control used in the GE unit was considered, since under
some circumstances it could change other scan parameters
when the pitch factor is altered. The automatic exposure
control of GE units adjusts the tube current to the radiated
volume so that the image quality remains constant for every
slice. Image quality is hereby defined by the noise index; in

Table 7 Optimization steps for CT examinations of the lumbar spine on the
16-slice spiral CT scanner.

optimization step

tube voltage (kV) pitch

index

original value

120

0.56

16.3

840

pitch increased

120

0.94

16.3

646

tube voltage and noise index 140
increased

0.94

20.3

512

noise index increased

0.94

22.52

422

140

DLP

addition, minimum and maximum tube current is specified.
Further, there is the option to use angle-dependent (x-y-)
tube current modulation.
In the first step, the pitch factor of 0.562 was increased to
the next possible value of 0.938; the other scan parameters
remained unchanged. The DLP was not thereby reduced by
a factor of ⅓, as would be assumed due to the linear correlation with the pitch factor. Because of the automatic dose
control which maintained constant image quality, the reduction was only ¼ of the starting dose. Then the narrow
field of view (FOV) was enlarged during the imaging to allow the automatic exposure control to select lower dose
levels.
In the next step, the imaging voltage increased to 140 kV,
but the image quality was reduced somewhat since the
noise index increased. The noise index was further increased until the dose area product (DAP) was below the diagnostic reference level (DRL). The individual steps are sum" Table 7. Since image noise increased only
marized in ●
somewhat, the diagnostic value of the examinations was
" Fig. 6 illustrates the example of a patient
not influenced. ●
examined for clinical reasons before and after optimization.
In the course of optimization the average DAP of the
next 10 patients could be reduced by 50 % to 421.50 ±
241.06 mGy · cm, thus fulfilling the requirements of the BfS.

Discussion
!

When establishing the diagnostic reference levels, the BfS
selected the 75th percentile of the mean dose levels reported
by operators to the Medical Society [6]. This means that for
the total reported levels for each examination type, 25 % of
the reported cases lie above the new diagnostic reference
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Fig. 5 X-ray of the a-p and lateral lumbar spine
before A, B and after optimization C, D obtained
from two different patients with comparable body
weight (76 and 78 kg) and height (172 and 168
cm). Image quality is not reduced after optimization. Exposure was 62 cGy × cm² (a-p) and
242 cGy × cm² (lateral) and after optimization
32 cGy × cm² (a-p) and 58 cGy x cm² (lateral).

Quality/Quality Assurance

Fig. 6 Scan of the lumbar spine of the same patient before (left) and after optimization (right)
obtained using a 16-slice spiral CT. Top: soft tissue
window, axial, mid row: bone window, axial, bottom: reconstruction in sagittal plane, bone window.
Dose of the scan was 804 mGy × cm (DLP) before
and 619 mGy × cm (DLP) after optimization.

levels, assuming no change in imaging technology. Consequently, those operators whose dose levels on average are
too high are instructed to lower the patient radiation exposure by optimizing their examination technique. In many
cases this has been achieved by adjusting the imaging
parameters while stringently controlling the resulting image quality. If optimizing the imaging technique nevertheless does not lower radiation exposure to normal weight patients below the specified diagnostic reference level limits,
then this is a sign of obsolescence of a device. In such cases,
the imaging unit must be retrofitted or replaced. In the long
term, the selection of the 75th percentile of values reported
by the operators and periodic updating of the diagnostic reference levels have resulted in a steady reduction of patient
radiation exposure, and have consequently been used as a
strategy. The diagnostic reference levels published in 2003
did not use CTDIw or volume CTDI. The dose length product
(DLP) was based on the entire examination In the diagnostic
reference levels published in 2010, however, the volume
CTDI was specified as a reference value and the DLP now applies only to a scan series. Various approaches can be used
to optimize exposure conditions. A distinction should be
made between actions that change image quality and those
having no influence on image quality or which improve the
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quality. Collimation using an image intensifier reduces radiation exposure and can improve image quality, since less
scattered radiation occurs in the patient’s body due to the
reduced exposed field [11, 12].
Additional options for examinations of adults include selection of the proper grid, accurate configuration of the automatic exposure control, and in the case of patients with metallic implants in the examination region, manual exposure
should be used. Use of a grid should be omitted for children.
Reduction of radiation exposure can also be achieved by
employing auxiliary filters, adjusting tube voltage and applying appropriate sensitivity classes for film/plate systems
or detectors corresponding to the guidelines of the German
Medical Association [13]. Using a testicle pouch or ovarian
shield further reduces genetic effects.
An unused opportunity for the operators of X-ray equipment to obtain information about the applied dose and to
reduce the dose using appropriate measures lies in the analysis of the archived radiation exposure values of their own
patients. Normally these values are documented for each
patient according to statutory requirements; however they
are rarely periodically reviewed internally or continuously
monitored independently of the medical authority. Despite
the common practice of pure archiving of exposure param-
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eters, operators rarely fully exploit the optimization potential with respect to dose reduction of their own equipment
and patient clientele.
As a rule, when up-to-date equipment is used, the required
dose for normal-weight patients lies well below diagnostic
reference levels. If imaging equipment has been optimized
with respect to image quality and radiation exposure at the
time of installation, changes may occur in the course of
months or years of operation, such as minor changes of
imaging parameters, mAs and kV, selection of dose measuring chamber or organ key assignment. If exposure values
are not compared, these changes will not be observed, and
consequently not corrected. Since even after a minor increase in levels, the values still remain below the diagnostic
reference levels, the medical authority will not issue a
warning, and the change in radiation exposure can remain
unregarded. On the other hand, constant internal review of
dose levels and the comparison with previously applied doses can detect whether deviations have occurred. In such
cases, the next step must determine the cause of the increase in exposure levels and the operator should take appropriate measures to reduce dosages again. This enables
dose management to actively utilize the raised values for
the purposes of internal quality assurance.
Installation of an internal digital archive to record dose levels is a possible aid in simplifying these measures. In addition to exact documentation of the examination type and
exposure level, the individual evaluation of the examination
equipment is of importance. If the evaluation is not performed separately for each device and examination type,
deviations of one unit might remain undetected until they
result in an increase in mean values across several devices.
Device-related assessment allows operators to detect tendencies among a number of devices, and if necessary introduce optimization measures on individual units. If a decision is made to apply optimization measures is based on
an increase in exposure levels, then a targeted image inspection is indispensable. This simple inspection can reveal
possible sources of error such as insufficient collimation or
too strong contrast due to absent filtering, low tube voltage,
or other image processing errors. Once the targeted image
inspection has been completed, optimization measures
of the equipment with respect to image parameters can be
implemented.
Our own analyses as part of this article showed that the investigation of exposure levels by evaluating data stored in
the RIS (Radiology Information System) can be performed
without consideration of individual patient weight. During
evaluation of a very small number of patients, a summation
of normal weight and overweight patients with the purpose
of forming an average value has occasionally resulted in too
high exposure levels. This was shown during the observation of 10 consecutive patients during the accompanied examinations. Levels deviating upward in the case of high
body weight could be identified in the course of analysis,
and the results correspondingly interpreted. A high standard deviation of dose levels is a possible indication of this.
If greater case numbers are assessed, the mean DAP or DLP
value is a good indicator of the ability to evaluate radiation
exposure; in this case, outliers average each other out. Familiarity with the examination equipment allows easy

identification of existing optimization potential based on
the mean DAP and DLP.
Optimization of radiation exposure levels in a large department or practice is labor-intensive, and thus time-intensive.
X-ray equipment and CT scanners frequently have several
hundred examination programs; a function for simple review and optimization of the equipment is generally only
available to the service technician. In routine clinical practice, generally only a selection of the programs stored on
the equipment is available for use. However, the basic principles of dose reduction must be applied when changing
programs. Further, continuous monitoring in terms of dose
management is important in order to detect and remedy via
appropriate measures minimal changes occurring regularly
in the clinical routine that can result in an increase of applied dosage.
Introducing a continuous strategy as described in this article long before the diagnostic reference levels are reached is
worthwhile, since continuous monitoring of exposure levels
provides awareness of the possibility of dose management
beyond the purposes of archiving for review by the Medical
Authority, as required by the X-ray Ordinance. Supporting
computer programs can make a crucial contribution in
turning current legally required dosage archiving into an
active dosage management process [14]; currently a few
pioneers are already developing such programs.
▶ Investigation of exposure levels by evaluating data stored
in the RIS (Radiology Information System) can be performed irrespective of individual patient weight if a sufficiently large time frame is selected.
▶ During evaluation of a very small number of patients, a
summation of normal weight and overweight patients
with the purpose of forming an average value has occasionally resulted in too high exposure levels, since the diagnostic reference levels are based on patients with a
weight of 70 kg.
▶ Evaluation of exposure levels enable the transition from
dosage archiving for the purposes of Medical Authority
review with doses below diagnostic reference levels to
active dose management including optimization of examination parameters.

References
01 Kemerink M, Dierichs TJ, Dierichs J et al. The application of x-rays in
radiology: from difficult and dangerous to simple and safe. Am J
Roentgenol 2012; 198: 754 – 759
02 Kemerink M, Dierichs TJ, Dierichs J et al. Characteristics of a first-generation x-ray system. Radiology 2011; 259: 534 – 539
03 Internationale Strahlenschutzkommission. Strahlenschutz und Sicherheit in der Medizin. ICRP-Veröffentlichung 73; BfS-SCHR-1999; Bremerhaven: Wirtschaftsverlag/Verlag für neue Wissenschaft; 1999
04 Europäische Gemeinschaften. Richtlinie 97/43/EURATOM des Rates
vom 30. Juni 1997 über den Gesundheitsschutz von Personen gegen
die Gefahren ionisierender Strahlung bei medizinischer Exposition
und zur Aufhebung der Richtlinie 84/466/EURATOM. ABl. L Nr. 180 22
05 European Commission. Radiation Protection 109, Guidance on diagnostic reference levels (DRLs) for medical exposures. Luxembourg: Office for Official Publications of the European Communities; 1999
06 Verordnung über den Schutz vor Schäden durch Röntgenstrahlen
(Röntgenverordnung -RöV) vom 8. Januar 1987 (BGBl. I S. 114) in der
Fassung der Bekanntmachung vom 30. April 2003 (BGBl. I S 604)
07 Bekanntmachung der aktualisierten diagnostischen Referenzwerte.
http://www.bfs.de/ion/medizin/referenzwerte.html
08 Veit R, Guggenberger R, Nosske D et al. Diagnostic reference levels for
X-ray examinations: update 2010. Radiologe 2010; 50: 907 – 912

Schäfer S et al. Dose Management for … Fortschr Röntgenstr 2014; 186: 785–794

793

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.

Quality/Quality Assurance

Quality/Quality Assurance

09 Bundesamt für Strahlenschutz. Pressemitteilung 12 vom 29.7.2010;
www.bfs.de/de/bfs/presse/pr10 / pr1210.html
(abgerufen
am
16.10.2013)
10 Nagel HD, Vogel H. Leitfaden zur Bewertung und Optimierung der
Strahlenexposition bei CT-Untersuchungen. 3.Auflage2010 www.
sascrad/de/attachments/File/Leitfaden_CT_(Ed_3).pdf (abgerufen am
16.10.2013)
11 Rimpler A, Veit R, Nosske D et al. Radiation hygiene in medical X-ray
imaging, part 1: physical and technical basics. Radiologe 2010; 50:
809 – 820

12 Brix G, Veit R, Häusler U. Radiation hygiene in medical X-ray imaging:
part 2: Assessment of radiation exposure and radiation protection
measures. Radiologe 2010; 50: 913 – 925
13 Bundesärztekammer. Leitlinien der Bundesärztekammer zur Qualitätssicherung in der Röntgendiagnostik – Qualitätskriterien röntgendiagnostischer Untersuchungen (2007). www.bundesaerztekammer.
de/downloads/LeitRoentgen2008korr2.pdf (abgerufen am 16.10.2013)
14 Seuri R, Rehani MM, Kortesniemi M. How tracking radiologic procedures and dose helps: experience from Finland. Am J Roentgenol
2013; 200: 771 – 775

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.

794

Schäfer S et al. Dose Management for … Fortschr Röntgenstr 2014; 186: 785–794

Fast optimization and dose calculation in scanned ion beam therapy
S. Hild
Department of Biophysics, GSI Helmholtzzentrum für Schwerionenforschung GmbH, 64291 Darmstadt,
Germany; Department of Radiation Oncology, University Clinic Erlangen and Friedrich-Alexander-Universität
Erlangen-Nürnberg (FAU), 91054 Erlangen, Germany; and Institute for Medical Physics and Radiation
Protection, University of Applied Sciences, 35390 Giessen, Germany

C. Graeff, J. Trautmann, and M. Kraemer
Department of Biophysics, GSI Helmholtzzentrum für Schwerionenforschung GmbH, 64289 Darmstadt,
Germany

K. Zink
Institute for Medical Physics and Radiation Protection, University of Applied Sciences, 35390 Giessen,
Germany and Department of Radiotherapy and Radiooncology, University Hospital Giessen-Marburg,
35043 Marburg, Germany

M. Durante
Department of Biophysics, GSI Helmholtzzentrum für Schwerionenforschung GmbH, 64289 Darmstadt,
Germany and Faculty of Physics, Technische Universität Darmstadt, 64289 Darmstadt, Germany

C. Berta)
Department of Biophysics, GSI Helmholtzzentrum für Schwerionenforschung GmbH, 64289 Darmstadt,
Germany and Department of Radiation Oncology, University Clinic Erlangen and
Friedrich-Alexander-Universität Erlangen-Nürnberg (FAU), 91054 Erlangen, Germany

(Received 1 August 2013; revised 21 May 2014; accepted for publication 22 May 2014;
published 13 June 2014)
Purpose: Particle therapy (PT) has advantages over photon irradiation on static tumors. An increased biological effectiveness and active target conformal dose shaping are strong arguments
for PT. However, the sensitivity to changes of internal geometry complicates the use of PT for
moving organs. In case of interfractionally moving objects adaptive radiotherapy (ART) concepts
known from intensity modulated radiotherapy (IMRT) can be adopted for PT treatments. One ART
strategy is to optimize a new treatment plan based on daily image data directly before a radiation fraction is delivered [treatment replanning (TRP)]. Optimizing treatment plans for PT using a
scanned beam is a time consuming problem especially for particles other than protons where the
biological effective dose has to be calculated. For the purpose of TRP, fast optimization and fast
dose calculation have been implemented into the GSI in-house treatment planning system (TPS)
TRiP98.
Methods: This work reports about the outcome of a code analysis that resulted in optimization of the
calculation processes as well as implementation of routines supporting parallel execution of the code.
To benchmark the new features, the calculation time for therapy treatment planning has been studied.
Results: Compared to the original version of the TPS, calculation times for treatment planning (optimization and dose calculation) have been improved by a factor of 10 with code optimization. The
parallelization of the TPS resulted in a speedup factor of 12 and 5.5 for the original version and
the code optimized version, respectively. Hence the total speedup of the new implementation of the
authors’ TPS yielded speedup factors up to 55.
Conclusions: The improved TPS is capable of completing treatment planning for ion beam therapy of a prostate irradiation considering organs at risk in this has been overseen in the review process. Also see below 6 min. © 2014 American Association of Physicists in Medicine.
[http://dx.doi.org/10.1118/1.4881522]
Key words: particle therapy, prostate cancer, adaptive treatment planning, fast dose calculation
1. INTRODUCTION
A world-wide increasing number of particle therapy centers
promotes the technical development in the field.1, 2 Especially
the scanned particle beam technique provides target conformal dose distribution.3 The strong dependency of the beam
range on the water equivalent path length (WEPL) of the traversed material however makes this therapy approach espe071703-1
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cially sensitive to changes of the internal patient geometry.
Large changes in patient geometry, if left unconsidered, can
lead to insufficient clinical target volume (CTV) coverage and
unacceptable organ at risk (OAR) exposure.4
The total dose to a voxel in scanned ion beam therapy is
a superposition of numerous elementary beams and therefore the homogeneity of the total distribution depends on
the precise positioning of each beam.5 An adaptation of a
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treatment plan for scanned ion beam therapy without reoptimization would cause a deformation of the beam spot grid
contradicting homogeneous dose coverage. Additional challenges are the proximity of OARs, large range changes caused
by moving air cavities, or tissue displacements relative to
bony anatomy.
A method to adapt the treatment plan to the daily patient
geometry is treatment replanning (TRP). It starts directly after patient positioning and daily CT acquisition, and consists
of (a) target and OAR delineation, (b) plan optimization, and
(c) forward dose calculation and quality assurance. Long calculation times could reduce the potential benefit originating
from this approach as the probability of tumor displacement
from its initial position increases with time.6 An ideal workflow would foresee the patient staying immobilized during the
entire process until the daily radiation fraction is delivered to
minimize positioning uncertainties.
Treatment planning for scanned beam applications requires complex optimization and dose calculation models in
particular for calculating the relative biological effect (RBE)
of the respective ions used.7 Currently, this task takes hours
to complete.
Ahunbay et al. report on a reasonable time frame for their
adaptation procedure in photon beam therapy of 5–10 min.
Additionally, they accomplish contour generation with their
setup in less than 5 min.8 In this work we aim to realize treatment plan generation within these constraints. We improved
and investigated the calculation speed of our in-house treatment planning system (TPS) TRiP98 (Refs. 5 and 9) by rearranging internal code sequences and porting the code to
a multicore environment. The manuscript will focus on the
computing techniques to achieve this goal and benchmark the
improved TPS with data of five prostate cancer patients originally treated during the GSI therapy pilot project.10
2. MATERIALS AND METHODS
The objective of reducing the calculation time needed for
treatment planning from around 1 h to below 10 min required
substantial improvements. The TPS was analyzed by means
of a profiling program to identify code sections using the
most calculation time and promising the greatest overall impact. Subsequently these sections were first checked for superfluous calls as well as code changes that would increase
the calculation speed. Second, the sections were checked for
parallelization possibilities.
Modern particle radiotherapy centers often rely on active
scanning technology.11–13 The target volume is scanned intensity controlled line-by-line in the lateral direction, each
line comprising individual beam spots, referred to as beamlets, thus forming a regular grid of beam positions that is often called “raster” (with grid spacing s). Coverage in depth
is achieved by changing the ion beam energy in predefined
steps, so that the regular grids are further arranged in M socalled isoenergy slices (IES). One of the main tasks of treatment planning is the optimization of particle fluences [i.e.,
particle number N per area s2 (in mm2 )] for each grid position
to form a homogeneous dose in the designated target volume.
Medical Physics, Vol. 41, No. 7, July 2014
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2.A. Treatment planning for particle therapy

During the optimization part particle fluences for 103 –105
grid positions R have to be determined.5 The resulting
phys
to each voxel of the dose matrix
total absorbed dose Di

phys
is thereby calculated as Di = Rj=1 cij · Nj where Nj is
the fluence at the jth grid position and cij are the elements in
the dose correlation matrix (DCM) which quantify the dose a
beamlet stopping at grid position j contributes to the ith voxel.
Due to nonlinearity and complexity the modulation of the
RBE is the most time consuming part of treatment planning
for particle therapy.9, 14 Our TPS incorporates the local effect
model (LEM) (Ref. 15) to calculate the RBE for each voxel
individually.
2.B. Profiling and code accelerations

An executable of the TPS was recompiled for the IBM operating system AIX 6.1 for which code profiling was enabled
via compiler flags. We separately profiled treatment plan optimization and dose calculation using the AIX profiler gprof. A
single treatment plan (Patient 5, see below) was used to generate the profiler output (e.g., number of calls per function and
total time spend in each function). The top ranked functions
by means of time consumption were screened for possibilities to improve their performance and for dispensable calls.
Finally, three functional parts were improved:

r interpolation of the particle energy spectra
(>50% of total time),

r calculation of the water equivalent path length
(>15% of total time), and

r interpolation of the depth–dose distribution
(>5% of total time).
Sections 2.B.1–2.B.3 summarize the changes made and we
refer to the improved version of the TPS that contains the accelerations as TPSacc .
2.B.1. Interpolation of particle energy spectra

As high-energy ions traverse the patient’s tissue, they produce a complex radiation field due to deceleration and nuclear
fragmentation, so that each voxel is exposed to a mixture of
ions of different charges and kinetic energies. An appropriate
physical description is mandatory for the calculation of RBEweighted dose. The TPS uses precalculated and experimentally verified spectra tables which are part of its base dataset.
Spectra for beam energies which are not included in these
tables are interpolated.5 Using a low dose approximation,14
an interpolation of the complete spectra is not longer needed.
Only the closest primary energy to each energy slice, Enear ,
has to be interpolated in the spectra table and its Bragg peak
position PBragg has to be calculated. However, due to the exponential relation between particle range and beam energy the
TPS uses logarithmic interpolation to find Enear causing slow
performance of this code section.
The original TPS implementation interpolates Enear and
PBragg for every CT voxel that enters in the calculation. In the
new implementation, the closest energy and the Bragg peak
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position for all energies contained in the individual treatment
plan are precalculated once and stored for faster access. The
time expensive logarithmic interpolations are hence reduced
to a minimum on expense of additional memory consumption,
which is, however, negligible compared to the overall memory requirements (e.g., additional 10 byte per IES vs several
100 MB). Improvements in this code section will effect the
calculation time of the RBE-weighted dose.
2.B.2. Calculation of the water equivalent path length

Like other treatment planning systems for particle therapy,3, 16 our TPS also considers anatomic inhomogeneity with
the concept of WEPL.5 As described by Krämer et al.5 a
Siddon like raytracing algorithm17 that follows basic vector mathematics determines the intersections of the ray with
all three orthogonal planes of the CT. Each intersection
is assigned a WEPL using an experimentally determined
Hounsfield-range look-up table.18 During dose calculation,
the WEPL of typically 105 –106 voxels has to be determined.
The number of intersections was reduced by making this routine stop at the geometrical depth of the voxel center rather
than calculating a ray through the entire CT cube.
2.B.3. Interpolation of the depth dose distributions

As described in previous publications5, 7 the dose accumulated in a voxel i at position x can be described by
x) =
Di (

R

j =1

cij Nj = c

Rk
M 


d(Ek , zk )

k=1 j =1



2
ri,j
Nj,k
×
exp −
,
2π σ (zk )2
2σ (zk )2

(1)

where c is a constant, M is the total number of IESs, rij is the
radial distance of voxel position i from the center of beamlet j, σ (zk ) is the actual width of the Gaussian beam profile
of the IES with WEPL zk , Nj, k is the total number of particles delivered by beamlet j of isoenergy slice k containing Rk
beamlet positions each. The depth dose distribution (DDD)
d(Ek , zk ) describes the dose deposition of a beamlet with initial energy Ek at depth zk . They are precalculated, experimentally verified, and stored in normalized DDD tables as part of
the base dataset for a sparse subset of potential beam energies. For each beamlet position that contributes to the dose
of a voxel, d(Ek , zk ), σ (zk ), and additional weighting factors have to be interpolated linearly between the neighboring
datasets of the DDD tables. All these quantities depend on
the initial energy Ek but not on the lateral beamlet position
j. Thus, the analysis described in Eq. (1) can be rearranged
to


Rk
M
2

ri,j
d(Ek , zk ) 
Di (
x) = c
Nj,k exp −
. (2)
2π σ (zk )2 j =1
2σ (zk )2
k=1
Hence, by equivalent code rearrangements we were able to
reduce the total number of calls to the interpolation routine
for d(Ek , zk ) to a minimum, i.e., once per IES k.
Medical Physics, Vol. 41, No. 7, July 2014

2.C. Multithreading

In addition three larger parts of the treatment planning code
were identified to be responsible for approximately 90% of
the total computation time. These code sections have been
modified to support parallel operations:

r forward calculation of the RBE weighted dose,
r setup of the DCM, and
r optimization of the RBE weighted dose.
In the following, setting up the DCM is considered to be a
part of plan optimization and is not analyzed separately. For
parallelization, the OpenMP library (http://www.openmp.org)
has been used. OpenMP provides a programming interface
that allows easy handling of parallel code sections and runtime measurements.
2.C.1. Forward calculation of the RBE weighted dose

The TPS uses a voxel based dose calculation method.
Three nested loops drive the calculation routine through the
dose cube voxel by voxel. As the dose to each voxel is calculated separately, i.e., is independent from all other calculations, all iterations could in principle be distributed to multiple threads. For a reasonable tradeoff between initializing new
threads and fully utilizing the available CPU cores, only the
outer loop counting up the transversal slices has been used for
parallelization. In the original TPS a beamlet is considered to
contribute dose to voxels up to a certain radial distance from
its central axes, depending on the beams lateral profile and the
WEPL of the voxel center. In addition to this constraint, the
TPSacc only calculates the dose in voxels which are enclosed
in the volume directly traversed by any beamlet of all fields
plus an adjustable margin.
2.C.2. Calculation of the dose correlation matrix

Each entry in the DCM contains a list of the considered
grid positions and their corresponding contribution factor cij
[Eq. (1)]. The calculation of all quantifiers cij represents a
large computational task of independent calculations that can
be parallelized extremely well as there are no dependencies.
2.C.3. Optimization of RBE weighted dose

The optimizer needs to work serially in the iterative optimization process, prohibiting multithreading. However, between the single iterations the actual dose as well as the RBE
and the dose gradients for each entry in the DCM have to
be calculated. These calculations have no dependencies and
can therefore be calculated within multiple threads. The voxel
group arrangement already used for setting up the DCM is
reused for parallelization of the optimization.
2.D. Benchmark tests

We timed the treatment planning process for five prostate
cancer patients (Table I) that were treated with an 18.0 Gy
(RBE) carbon boost during GSI’s pilot project.10 Each
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TABLE I. Treatment plan characteristic of the five prostate patient cases. With VCTV representing the volume of
the clinical target volume in cm3 . Size DCM being the size of the dose correlation matrix in mega byte, and N
representing the number of elements [voxels/grid positions (RST)] contained in the respective unit.
SFUD
NRST
Patient
Patient 1
Patient 2
Patient 3
Patient 4
Patient 5

IMPT

Size DCM (MB)

VCTV (cm3 )

NTARGET

Field 1

Field 2

Field 1

Field 2

55.5
53.5
66.4
56.7
72.8

4900
4700
5800
4900
6400

4000
3800
8400
6700
8700

4000
3900
8100
6700
8800

180
159
370
260
370

160
200
300
220
359

treatment plan was optimized for a fraction dose of 3.0 Gy
(RBE) with a single field uniform dose (SFUD) and an intensity modulated particle therapy (IMPT) (Ref. 7) calculation
protocol. For the SFUD approach, each field was optimized
separately. For the IMPT approach both fields were optimized
simultaneously. Thereafter, the total RBE weighted dose resulting from both fields has been calculated. Both protocols
were calculated with nthreads = {1, 4, 8, 12, 16, 24, 32} using
our TPS with and without code optimization. The simulation
results are compared to the performance of the original TPS
implementation. Part of the comparison addressed the accuracy of the optimized treatment plan parameters, i.e., machine
data and dose distributions which were performed as part of
the internal TPS quality assurance for the studied patients and
artificial geometries.
All planning CTs used in this work had a matrix of 256
× 256 voxels with a size of 1.953 × 1.953 × 3.000 mm3
as they are used in clinical setups. The target volume, as
well as bladder and rectum were delineated on the transversal
slices. A treatment plan with two lateral opposing fields was
setup and optimized on the PTV used for patient treatment
within the pilot project.10 The fields were optimized with a
nonlinear conjugate gradient method and recalculated with
a pencil beam algorithm including lateral scattering.19 OAR
constraints for bladder and rectum were considered in the
IMPT-optimization only. The optimizer was set to run for 200
iterations.
All computations were carried out on an IBM Blade Server
PS701 with eight cores (64 Bit, POWER7) which run on
3.0 GHz and are able to utilize 256KB Level2-Cache, 4MB
Level3-Cache. The operating system AIX 6.1 integrates a
four-way simultaneous multithreading (SMT) technology and
hence can handle 32 parallel threads. The executable files featuring OpenMP managed time measurement and multithreading functionality are compiled with the OpenMP 3.0 supporting compiler IBM XL C/C++ V11.1. for AIX using the compiler switches –o2/–o3, –qstrict, and –qsmp=omp. Patient
data were stored on a dedicated fileserver and accessed via
standard Ethernet network. The setup could not be used explicitly as a single user but was shared with other processes.
However, care was taken to exclude heavy load processes during our benchmark tests. All calculations were performed four
times and the median was used for evaluation to exclude the
influence of, e.g., unusually high network traffic.
Medical Physics, Vol. 41, No. 7, July 2014

Size DCM (MB)

NOAR

720
820
1130
930
1730

24 890
45 600
14 930
23 120
50 730

Time measurements using OpenMP’s timing routines span
the entire optimization and dose recalculation. The time used
for reading and writing data via the network is included in
the time measurements permitting an estimation of the total
duration for the entire treatment planning process.
3. RESULTS
The treatment protocols needed an average of 4 h to complete using the original implementation. Enabling profiling
output roughly doubles the calculation time. Based on the
profiler output, shown in Table II, the code sections for optimization and multithreading were identified. All final benchmark tests, however, are done without profiling and hence
are not influenced by this additional time consumption. Treatment plan optimization resulted in identical machine parameter files for the original TPS and the new implementation
TPSacc . Regarding the dose calculation, the restriction of calculating dose deposition only for voxels enclosed in the volume traversed by any beamlet of all fields plus an adjustable
margin led to dose deviations outside the calculated volume
and hence outside the target/OAR volume of 5% at most. The
margins were automatically determined as 1.8 times the maximum beam width contained in the treatment plan (min/max
margin: 9.9/16.2 mm). The results for all dose values within
the calculated volume however were identical for TPS and
TPSacc .
3.A. Profiling and code acceleration

3.A.1. Interpolation of particle energy spectra

We were able to drastically reduce the time spent for interpolation of the particle spectra by predetermination and storing Enear and PBragg for each IES contained in a treatment plan.
The effect is reflected in a reduced time spend for calculating
the RBE effect. Benefits are found to be larger for plan optimization than for dose calculation as the number of calls to
this routine during optimization is larger (see Table II).
3.A.2. Calculation of the water equivalent path length

A reduction of the total number of elements in the intersection vector saves time when sorting for increasing geometrical
depth. The improvements are largest for dose calculation as
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TABLE II. Comparison of the most time consuming routines prior and post code optimization. Absolute and
relative times are stated for optimization and dose calculation separately. Patient 5 data were used for all
measurements.
Original
Routine
SFUD optimization
Total time
Calculation of RBE
IMPT optimization
Total time
Calculation of RBE
SFUD dose calculation
Total time
Calculation of Dphys
Calculate WEPL
Interpolation DDD
Calculation of RBE
IMPT dose calculation
Total time
Calculation of Dphys
Calculation of WEPL
Interpolation DDD
Calculation of RBE

Time (s)

Fraction of total time

Time (s)

Fraction of total time

Speed up

8135
6642

100.0%
81.7%

932
368

100.0%
39.4%

8.8
18.0

17 210
13 838

100.0%
80.4%

1980
833

100.0%
42.0%

8.7
16.6

12 368
2261
3607
1522
3513

100.0%
18.3%
29.2%
12.3%
28.4%

1033
632
114
106
137

100.0%
61.2%
11.0%
10.2%
13.3%

12.0
3.6
31.6
14.4
25.6

11 069
1967
3565
1264
2924

100.0%
17.8%
32.2%
11.4%
26.4%

936
567
116
91
117

100.0%
60.6%
12.4%
9.7%
12.5%

11.8
3.5
30.7
13.9
25.0

most of the function calls originate from there (see Table II).
On average the modification reduced the vector elements by
about 50%.
3.A.3. Interpolation of the depth dose distributions

The total function calls to the routine interpolating the
DDDs could be reduced to ≤5.0 % for dose calculation. The
speedup is shown in Table II. For optimization the speed up
coming from this code improvement is negligible.
Considering all code accelerations, we were able to
speedup the calculation time of TRP by factors 10.4 and
9.7 for SFUD and IMPT plans, respectively. A detailed list
with a profiling summary and resulting speedup factors is
presented in Table II. Performance gain from code acceleration in the following multithreading benchmark analysis was
timed using the OpenMP functionality to avoid additional
time consumption by profiled code. The results show comparable speedup factors of ≤10 [Fig. 1(c); one thread].
3.B. Multithreading

3.B.1. Optimization

The original TPS reached a maximum mean speedup factor of 10.4 for SFUD and 8.2 for IMPT optimization when using 32 threads [Fig. 1(a)]. Relative speedup factors for TPSacc
(normalized to TPSacc with 1 thread) of 3.9 and 4.0 for SFUD
(16 threads) and IMPT (8 threads), respectively, are somewhat smaller. The time measurements for plan optimization
using the TPSacc show a maximum speedup at eight threads
for IMPT and a slow decrease as more threads are being used.
Within the limits of the variation of the data points SFUD
Medical Physics, Vol. 41, No. 7, July 2014

Optimized

optimization levels off at eight threads as well, but the
speedup does not deteriorate with increasing number of
threads. The combination of accelerated code and parallel execution yields speedup factors of 22.9 and 24.3 when calculating with 16 threads and 8 threads for SFUD and IMPT,
respectively. Figure 1(a) shows that for IMPT (i.e., large
DCMs) using a number of threads larger than eight is somewhat counterproductive with the TPSacc version. This might
be due to the fact that in this case the working set is considerably larger and thus the probability of cache misses increases.
Another possibility would be access conflicts since the nominal four threads per core do not run completely independent but partially compete for calculation units. However, we
did not investigate this issue further within the scope of this
paper.
3.B.2. Dose calculation

The speedup factors for dose calculation exceed the ones
found for optimization. They range from 16.2 for the original TPS to 189.0 for the combination of accelerated code
with the maximum number of threads [Fig. 1(b)]. The relative speedup factors for TPSacc , 13.0 for SFUD and 13.1 for
IMPT, are again smaller compared to the ones found for the
original TPS using parallel execution. The peak performance
in all calculations is reached with the maximum number of
threads (32) provided by the system.
3.B.3. Total performance

SFUD calculations spend about 70% of their total time for
dose calculation. For IMPT, optimization and dose calculation
need about the same fraction of the total time. The speedup for
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F IG . 2. Summary of multithreading analysis. The mean calculation times of
all patients are stated in seconds for SFUD and IMPT with all thread combinations calculated. The last bar of each series indicated with a “**” is the
result of the best possible thread combination found for the TPSacc , i.e., optimization with 8 and 16 threads for IMPT and SFUD, respectively, and dose
calculation with 32 threads.

IMPT, respectively. The TPSacc accomplished the same calculation in less than 4 min (SFUD) and about 6 min (IMPT)
(Fig. 2).

4. DISCUSSION

F IG . 1. Speedup for plan optimization (a), dose recalculation (b), and total
performance (c). The error bars indicate the maximum and minimum of the
five patients around the mean speedup. All factors are stated relative to the
original version of the TPS using one thread. In (c) “**” shows the optimal
combinations of optimization (IMPT with 8 threads, SFUD with 16 threads)
and dose calculation (32 threads).

a complete replanning procedure [Fig. 1(c)] has been calculated based on the total runtime. As dose calculation reached
a higher speedup compared to plan optimization SFUD shows
a higher speedup in the total performance. The evaluation
was extended by one series combining the best results from
optimization [8 (IMPT)/16 (SFUD) threads] and the best results from dose calculation (32 threads), labeled with “**” in
Fig. 1(c). In terms of absolute time, plan optimization and
dose calculation needed an average of 3.5 and 4.5 h to
complete with the original implementation, for SFUD and
Medical Physics, Vol. 41, No. 7, July 2014

With code optimization and multithreading we reduced the
calculation time for treatment planning to about 6 min. Reducing the calculation time further might be achievable using
a yet larger number of threads, provided concurrent access of
shared resources (RAM, Cache, Network) can be kept at a
minimum. Additional speedup might be gained by optimization of the memory access patterns (avoiding cache misses,
etc.), but since our speedup factors are already remarkable,
we have decided to consider this a second order effect requiring a detailed analysis of the memory usage beyond the scope
of the current paper.
In general code optimization should be considered first as
they reduce the total calculation workload and are independent of hardware. As a second step, parallel execution can
be utilized in addition. This however is hardware dependent
as the workload is delegated to different cores. Apart from
quicker daily treatment planning especially applications requiring multiple dose calculations will benefit from the proposed implementation. Examples are robust treatment plan
optimization20 or beam angle optimization. If in addition precise contouring and fast quality assurance methods are provided, same day treatment planning21 or even adaptive treatments like described in principle seem to be possible in the
future.
Porting the calculation algorithms to graphical processor
units (GPUs) (Ref. 22) is another promising possibility for
further speed up. This approach requires major code adaptation as the respective routines have to be split into their basic components to exploit the massive parallelization possible
with GPUs.
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5. CONCLUSION
We have implemented fast treatment planning into our inhouse treatment planning system TRiP98. Code optimization
and parallelization improved the treatment planning time for
scanned carbon beam therapy by more than a factor of 50 for
SFUD and more than a factor 40 for IMPT. The calculation
times of 6 min for plan optimization and calculation of the
RBE weighted dose are only slightly above the constraints.8
The TPSacc has reached the boundary where TRP starts to be
feasible.
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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
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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
0.2

Left
0.2
0.2
0.3
0.1
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

1

rel. Volume

0.8
0.6
0.4
0.2
0
40

without positioning correction
95% confidence interval
with positioning correction
95% confidence interval

45

50

55

Dose [Gy]

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

1.4

D = f(V)
linear fit

1.3

R2 = 0.94

Dose (Gy)

1.2
1.1
1
0.9
0.8
0.7
50

100

200
150
Volume (cm3)

250

300

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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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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Protection of quality and
innovation in radiation oncology:
The prospective multicenter trial
the German Society of Radiation
Oncology (DEGRO-QUIRO study)
Evaluation of time, attendance of
medical staff, and resources during
radiotherapy with IMRT

Together with surgery and chemotherapy,
radiotherapy has long been established
as an important treatment modality for
cancer. In Western Europe and Northern
America, about 50 % of all new cancer patients are treated with radiotherapy. Radiotherapy has been shown to be effective
and relatively moderate regarding costs [6,
8]. Modern radiotherapy techniques allow for improved dose distributions and
more precise delivery of the treatment resulting in less acute and late toxicity and
improved survival, although the latter has
not formally been shown to date. Besides
adequate equipment, sufficient and welltrained staff is required to achieve these
benefits for the patients [3]. Although
recommendations have been proposed
about the required equipment and manpower that is assumed to be necessary to
treat a specific number of patients with
radiotherapy, none of these recommendations were based on actual measurements [5, 7–9]. The German Society of
Radiation Oncology (DEGRO) was inter-

ested in substantiating their recommendations by undertaking a number of time
measurements of the core radiotherapy
procedures. DEGRO published measurements in head and neck cancer (HNC) patients, breast cancer patients, rectal cancer
patients, and in stereotactic radiosurgery,
with more analyses to follow [2–4, 12].
Here, we present the results of a prospective multicenter evaluation performed in four radiation oncology institutions to assess the exact time and attendance of the medical staff during the core
treatment procedures of intensity-modulated radiation therapy (IMRT) in patients
with different tumor entities.

Patients and methods
This study was conducted at the Departments of Radiation Oncology in four academic hospitals in Germany [University Hospital of Marburg, University Hospital of Giessen, University Hospital of
Berlin (Charité), University Hospital of

München Rechts der Isar] between August 2011 and July 2012 for 2 months in
each hospital. All hospitals are equipped
with modern radiation technology and
treated between 1,200 and 2,500 new patients with radiotherapy per year. Two of
the centers partially used cone beam computed tomography (CT) for treatment
verification. The departments were entitled center 1, 2, 3, and 4 in random order
to guarantee anonymization. Three of the
centers partially used volumetric-modulated arc therapy (VMAT) techniques
mainly for patients with a noncomplex
anatomy. This was not evaluated in the
current analysis. The workloads of technicians, medical physics experts (MPE),
and physicians required for important
core procedures were prospectively documented in all patients undergoing at least
one of the procedures during the time of
evaluation.
Two centers used the Eclipse planning system (Varian Medical Systems)
with sliding-window IMRT on a Varian
Strahlentherapie und Onkologie 5 · 2014

| 433

Original article
Table 1 Number of all measurements for each occupational group

Definition of target volume
Treatment planning
Approval of the treatment plan
First routine irradiation with image guidance
Routine irradiation without image guidance
Routine irradiation with image guidance

linac and two centers used the Pinnacle
planning system (Phillips) with step-andshoot IMRT on an Electa linac.
Definition of target volumes and organs at risk typically included matching
of the diagnostic images with the planning CT, contouring of the gross tumor
volume (GTV), the contouring of 2–3
clinical target volumes (CTVs) and critical normal tissues such as the spinal cord,
parotid glands, lung, heart, bladder, rectal tissue, and others (if applicable/necessary). Furthermore, the time used for generating any planning target volumes (PTVs) and planning risk volumes (PRVs)
with helping structures (the latter, if necessary) as well as the time needed for image fusion of the planning CT with previous imaging modalities [CT, magnetic
resonance imaging (MRI), positron emission tomography (PET)] was allocated to
this module. It is noteworthy that the contouring of normal tissues and the generation of PTVs from CTVs as well as image fusion were done by different occupational groups in the participating institutions. Since some variation in this regard
was observed in all institutions, no further breakdown of this module was performed. In general, the GTV and the CTVs were outlined by physicians in all institutions.
Physical treatment planning included preparation of planning CT scans for
treatment, planning, and performing
all procedures necessary to generate the
IMRT treatment plan including any modifications needed and (if applicable/necessary) creation of special structures for
the optimization, discussion of the treatment plan with the responsible physician, and the final approval of the plan by
the responsible physician. In accordance
with the German medical system and liability laws, all treatment plans have to
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Number of
measurements
103
125
139
37
767
512

Senior
physician
41.5
3.4
10.4
13.1
0.1
0.3

Resident

MPE

Technician

32.0
0.9
2.1
2.9
0.1
0.2

0.9
76.2
57.3
4.3
0.2
0.2

7.2
0.4
1.5
54.6
22.6
39.1

be authorized by the responsible radiation therapist in charge. All resource consumption regarding this procedure—consisting of the complete documentation of
the treatment plan with printout, transfer of the plan to the linear accelerator including verification of all parameters and
all quality control measures, as well as the
required plan-specific dose verification of
the IMRT plan—was evaluated. The centers used different quality control measurement tools such as 2D arrays, 3D arrays, or MU check software systems. All
centers used virtual simulation and no
treatment simulator for the IMRT treatments. Routine radiotherapy sessions
without image guidance were termed
“routine radiotherapy.” Radiotherapy sessions with image guidance (including 2D
and 3D verification) other than the initial
session were termed “routine radiotherapy with image guidance.”
At the linear accelerator, one independent examiner (who had no other duties)
documented the room occupation time
as well as the exact times of presence of
the technicians, MPEs, and physicians in
an electronic database. The presence of
residents, students, and other personnel
in training was not systematically documented in all institutions and was not the
subject of this study.
The workload for all occupational groups regarding treatment planning
procedures was documented using a case
report by the employees themselves and
the data were transferred to the database
by the independent examiner. In cases of
inconsistencies, direct consultations with
the respective person were used to clarify these issues. The total workload of all
involved specialists in a specific occupational group for each module was added to one total time. For example, if two
technicians were present during a 15-

Room
occupancy
()
()
()
23.7
10.6
18.3

min procedure and a third technician
and two physicians were present for only 5 min, the resulting total workload for
technicians was 35 min and for physicians
10 min. For the number of all measurements, see . Table 1. The centers treated different tumor entities with large disparities in the needed time. Therefore, the
time was weighted with the relative number of treated entities per center and per
evaluated step (referred to as “tumor entity weighted”). The actual time was defined as the time weighted with the relative number of measured cases per tumor
entity in the mentioned center and the
nominal time as the average time from all
centers weighted with the relative number
of measured cases per tumor entity in the
mentioned center.
The average time for all modules and
all occupational groups was separately calculated, including the 5 and 95 % percentiles by using standard software (Excel™).
Besides the room occupancy, human resource use was measured by recording the
actual time of presence for each occupational group and person.

Results
The room occupancy time and the total
working time of the physicians, medical
physicists, and technicians are displayed
by center, procedure, and occupational
group in . Figs. 1–12 and . Table 1. On
average, room occupancy at the accelerator was 23.7 min for the initial treatment and 18.3 min (10.6 min) for routine radiotherapy with (without) image
guidance (. Fig. 1). The most time was
needed for HNC cases and the least time
for prostate cancer (PC) cases. The use of
a sliding-window technique compared
with the step-and-shoot technique led to
a shorter time (on average 4.0 min differ-
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Protection of quality and innovation in radiation oncology: The prospective multicenter
trial the German Society of Radiation Oncology (DEGRO-QUIRO study). Evaluation of
time, attendance of medical staff, and resources during radiotherapy with IMRT
Abstract
Background. A number of national and international societies published recommendations regarding the required equipment
and manpower assumed to be necessary to
treat a number of patients with radiotherapy. None of these recommendations were
based on actual time measurements needed
for specific radiotherapy procedures. The German Society of Radiation Oncology (DEGRO)
was interested in substantiating these recommendations by prospective evaluations of
all important core procedures of radiotherapy in the most frequent cancers treated by radiotherapy. The results of the examinations
of radiotherapy with intensity-modulated radiation therapy (IMRT) in patients with different tumor entities are presented in this manuscript.
Patients, material, and methods. Four radiation therapy centers [University Hospital of
Marburg, University Hospital of Giessen, Uni-

versity Hospital of Berlin (Charité), Klinikum
rechts der Isar der Technischen Universität
München] participated in this prospective
study. The workload of the different occupational groups and room occupancies for the
core procedures of radiotherapy were prospectively documented during a 2-month period per center and subsequently statistically analyzed.
Results. The time needed per patient varied considerably between individual patients and between centers for all the evaluated procedures. The technical preparation (contouring of target volume and organs at risk, treatment planning, and approval of treatment plan) was the most time-consuming process taking 3 h 54 min on average. The time taken by the medical physicists
for this procedure amounted to about 57 %.
The training part of the preparation time was
87 % of the measured time for the senior phy-

sician and resident. The total workload for all
involved personnel comprised 74.9 min of
manpower for the first treatment, 39.7 min
for a routine treatment with image guidance, and 22.8 min without image guidance.
The mean room occupancy varied between
10.6 min (routine treatment without image
guidance) and 23.7 min (first treatment with
image guidance).
Conclusion. The prospective data presented here allow for an estimate of the required
machine time and manpower needed for the
core procedures of radiotherapy in an average radiation treatment with IMRT. However,
one should be aware that a number of necessary and time-consuming activities were not
evaluated in the present study.
Keywords
Medical staff · Resources · Equipment ·
Radiation · Evaluation of time

Evaluation von Zeit, Personal- und Resourcenbedarf während der
IMRT-Strahlentherapie. Die DEGRO-QUIRO-Studie
Zusammenfassung
Fragestellung. Internationale Gesellschaften
haben Empfehlungen über die erforderliche
technische Ausrüstung und für die Anzahl
von Mitarbeitern zur Behandlung von Tumorpatienten in der Strahlentherapie veröffentlicht. Keine dieser Empfehlungen basiert auf
durchgeführten Messungen für die einzelnen
Behandlungsabschnitte in der Strahlentherapie, sondern sind Schätzwerte. Die Deutsche
Gesellschaft für Radioonkologie (DEGRO) will
ihre Empfehlungen durch prospektive Auswertungen aller wichtigen Abläufe in der
Strahlentherapie bei den häufigsten Tumorentitäten untermauern. Ziel dieser Untersuchung war es, die erforderlichen Ressourcen
bei der strahlentherapeutischen Behandlung
mit intensitätsmodulierter Bestrahlungstechnik bei unterschiedlichen Tumorentitäten zu
evaluieren.
Material und Methodik. Vier Strahlentherapiezentren (Universität Marburg, Universi-

ence). There were no nearly no differences between the tumor entities in the time
needed for a routine treatment without
portal vision (PV) . Concerning all kinds

tät Gießen, Charité Berlin, Universität München rechts der Isar) nahmen an dieser prospektiven Studie teil. Die Arbeitszeit der verschiedenen Berufsgruppen sowie die Raumbelegung bei der Planung und Durchführung
der Strahlentherapie wurden prospektiv während eines Zeitraums von jeweils 2 Monaten
pro Zentrum dokumentiert und statistisch
ausgewertet.
Ergebnisse. Die Zeit für die einzelnen Abschnitte der Behandlung variierte erheblich zwischen den Tumorentitäten, Patienten
und den Behandlungszentren. Für die technische Vorbereitung eines Patienten (Definition der Zielvolumina und Risikoorgane, Bestrahlungsplanung und Autorisation des Bestrahlungsplans) wurden im Mittel 3 h 54 min
benötigt. Der Zeitanteil der Medizinphysikexperten betrug dabei 57 %. Der Ausbildungsanteil für die Vorbereitungszeit lag etwa bei
87 % der gemessenen Zeit für Facharzt und

of treatments, centers 2 and 3 always
consumed more room occupancy time
than the tumor entity weighted average
(. Fig. 2). Centers 1 and 4 needed less

Assistenzarzt zusammen. Die Arbeitszeit vom
gesamten beteiligten Personal für eine Fraktion war im Mittel 74,9 min für eine Ersteinstellung, 39,7 min für eine Routineeinstellung
mit „Image guidance“ und 22,9 min für eine
Routinebestrahlung ohne „Image guidance“.
Die Raumbelegung variierte dabei zwischen
10,6 min (Routinebehandlung ohne „Image
guidance“) und 23,7 min (Erstbestrahlung
mit „Image guidance“).
Schlussfolgerung. Diese prospektive Untersuchung ermöglicht erstmals den Personalund Resourcenbedarf einer Bestrahlung mit
intensitätsmodulierter Bestrahlungstechnik
für verschiedene Tumorentitäten zu bestimmen, wobei „Overhead“-Aufgaben und -Kosten nicht berücksichtigt wurden.
Schlüsselwörter
Medizinisches Personal · Ressourcen ·
Ausstattung · Zeitanalyse · Strahlentherapie

time for nearly all treatments compared
with the tumor weighted average. Use of
the sliding-window technique compared
with the step-and-shoot technique led to
Strahlentherapie und Onkologie 5 · 2014
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Fig. 1 8 Room layout time per patient for intensity-modulated treatment. The abscissa shows the different radiation modalities. The ordinate gives the duration of the procedure. Mean and overall mean
values with 5 and 95 % percentiles are shown

a shorter room layout time independently of whether PV was used or not (on average 3.6 min/2.1 min difference).
The definition of target volumes and
organs at risk (. Table 1, Figs. 3–6, 11 and
12) were the most time-consuming procedures for the physicians in all institutions
(73.5 min), regardless of whether the contouring of the organs at risk was carried
out by physicians (centers 1 and 3) or by
technicians (centers 2 and 4). Physicians
at center 4 needed significantly more
time (32 % over tumor entity weighted
average) and physicians at center 3 consumed less time (40 % below tumor entity weighted average) than physicians at
the other institutes (. Fig. 4). Since neither the number of contoured volumes
per patient was documented nor an independent quality control was implemented in the study, the cause of these differences is unknown. Contouring of HNC
patients was most time consuming, followed by diverse entities and breast cancer patients (. Figs. 3 and 11). Contouring
of PC patients was longer than for the other remaining tumor entities, but the number of measurements was too low for valid results (n = 3). Therefore, it was recorded but not taken into account for evaluation. The total workload for the approval and first treatment of residents and senior physicians showed small differenc-
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es between the different tumor entities as
well as for the different centers (. Figs. 3
and 4), but with a much higher part taken up by the senior physicians than by the
resident in all cases (. Figs. 5 and 6). The
use of the Pinnacle system led to a shorter delineation time than use of the Eclipse
system (on average 33 min difference).
In centers 1, 3, and 4 the residents were
trained by senior physicians resulting in
longer time requirements. Provided that
the senior physician time for the contouring in centers 1, 3, and 4 would be pure
training time, the total additional physician time would on average be 54.5 min
per patient with half of the time for the
resident and the other half for the senior
physician (. Fig. 6). The contouring time
for patients with other entities was longer
for senior physicians than for residents,
which was mainly based on the measurements in center 2, where no training was
done during the measurement period
(. Fig. 5). The breast cancer cases were
delineated by senior physicians in center
1 and with training of residents in center
4, with the same time taken for the resident and the senior physician. The HNC
patients were delineated with a high training fraction in all centers.
The MPEs needed on average
1 h 16 min for the treatment planning
with most of the time needed for patients

with HNC (2 h 52 min) followed by breast
cancer patients (2 h 36 min) and PC patients (2 h 5 min) (. Fig. 7). The time for
approval by the MPE was 57.2 min with
significant less time for MC (breast cancer) cases. Centers 1 and 3 needed more
than the average time for treatment planning (22–69 %), whereas centers 2 and 3
needed (53–67 %) more than the average
time (tumor weighted average 52.4 min)
for the approval (. Fig. 8). Use of the sliding-window technique compared with
the step-and-shoot technique resulted in
a longer planning time (difference of tumor weighted average 9.2 min), but in a
shorter approval time (difference of tumor weighted average 71.3 min).
The initial irradiation was always done with image guidance in all cases and
all centers. The average time for the attendance of the resident was 2.9 min and of
the senior physician 13.1 min. Physicists
were present in a few cases only (average
4.3 min).
In all, 1,279 sessions of routine radiotherapy without and with image guidance
were evaluated. The total workload was
39.7 min on average for treatment with
image guidance, which is 16.9 min longer
than for routine radiotherapy without image guidance (. Fig. 11). Routine irradiation was performed with image guidance
in 73.1 % of the HNC cases, 53.1 % of the
PC cases, 33.9 % of the breast tumor cases, and 25.5 % of the other cases. Thereby,
centers 1 and 2 used routine irradiation
with image guidance in 30.8 and 42.3 %
of the cases, center 3 in 100 % of the cases,
and center 4 only in 2.6 % of the cases. The
mean room occupancy time without image guidance (10.6 min) and with image
guidance (18.3 min) and the mean workload of the technicians (22.6 min without
and 39.1 min with image guidance) indicated that almost 2.1 technicians were
present (. Figs. 1 and 9). The technicians
needed most time for HNC patients, followed by breast cancer and PC patients,
independent of the treatment modality
(. Fig. 9). The intercenter differences for
the technicians were remarkable and are
nearly as great as the differences in room
occupancy time (. Figs. 2 and 10). The
workload of a routine treatment for physicians and physicists was minimal, inde-
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Fig. 2 9 Room layout time
per patient for intensitymodulated treatment (actual time: time weighted
with the relative number of
measured cases per tumor
entity in the mentioned
center; nominal time: average time from all centers
weighted with the relative
number of measured cases in the mentioned center). The abscissa shows the
different radiation modalities. The ordinate gives the
duration of the procedure.
Mean values with 5 and
95 % percentiles are shown

Workload of all Physicians

240

Total

220

Head and Neck

Breast

Prostate

Other

200
180
160
Minutes

140
120
100
80
60
40
20
0

Definition of target volume

pendent of the use of image guidance (average < 10 s).

Discussion
A number of national and international
societies and working groups have analyzed the megavolt units and human resources required per cancer patient in ra-

Approval of the treatment plan

First routine irradiation with
portal imaging

diation treatments. These studies were
based on epidemiological considerations and surveys looking at the number of available megavolt machines and
human resources per cancer patient in
a number of active radiotherapy institutes in different countries [5, 6]. The
results of the ESTRO project—Radiation Therapy for Cancer: QUAntifica-

Fig. 3 9 Workload of all
physicians per patient. Definition of the target volume, approval of the treatment plan, and first irradiation with image guidance by senior physicians
and residents. The abscissa
shows the different steps.
The ordinate gives the duration of the procedure.
Mean and overall mean values with 5 and 95 % percentiles are shown (definition of the target volume
for prostate not shown because of too low number of
measurements)

tion of Radiation Therapy Infrastructure
and Staffing Needs (QUARTS)—recommended that one linear accelerator can
serve 400–450 patients/year, one radiation oncologist is needed for 200–250 patients/year, and one physicist is required
for 450–500 patients per year [5, 6]. According to QUARTS, in 9 out of 13 European countries studied, including large
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Fig. 4 9 Workload of all
physicians per patient. Definition of the target volume, approval of the treatment plan, and first irradiation with image guidance
by senior physicians and
residents (actual time: time
weighted with the relative
number of measured cases per tumor entity in the
mentioned center; nominal
time: average time from all
centers weighted with the
relative number of measured cases in the mentioned center). The abscissa shows the different radiation modalities. The ordinate gives the duration of
the procedure. Mean values
with 5 and 95 % percentiles
are shown
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countries like Germany, Italy, and England, the capacity of available radiotherapy units was more than 20 % below the
requirements. The human resources necessary for specific therapeutic procedures
were first evaluated in the presented data
of the DEGRO trial (QUIRO studies) [1–
4]. In these studies, the human resources needed for 3D conformal treatment
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and radiosurgery are analyzed. However, information on the human resources
needed for the core procedures of radiotherapy for IMRT techniques is still missing. Therefore, the resources required for
IMRT treatment of patients with HNC,
breast cancer, PC, and other tumor entities were determined in four typical German radiotherapy institutes. As expected,

Fig. 5 9 Workload of senior physicians (SP) and
residents (Res) per patient.
Definition of the target volume, approval of the treatment plan, and first irradiation with image guidance (Sum average over all
tumor entities, HNC head
and neck cancer, MC breast
cancer, PC prostate cancer, Other other tumor entities). The abscissa shows
the different steps. The ordinate gives the duration of
the procedure. Mean values
with 5 and 95 % percentiles
are shown

the results demonstrated that the most
time-consuming procedure for the physicians was the definition of target volumes
(mean 1 h 13 min), for the physicists the
treatment planning (mean 1 h 16 min)
and the approval of the treatment plan
(mean 57 min), and for the technicians
the first treatment (mean 55 min).
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Fig. 7 8 Workload of medical physics experts (MPE) per patient. Treatment planning and approval
of the treatment plan. The abscissa shows different steps. The ordinate gives the duration of the procedure. Mean and overall mean values with 5 and 95 % percentiles are shown. (Number of measurements: HNC 37, MC 17, PC 10, Other 307)

The total workload for the preparation
of the treatment (definition of target volume, treatment planning, and approval
of the treatment plan) required the most
time for HNC patients (5 h 39 min), followed by PC patients (5 h 24 min), and
breast cancer patient (4 h 19 min). All
IMRT techniques are very complex and,
as expected, needed much more time for
preparation than 3D conformal tech-

niques did. The large difference between
centers (for example 3.5 h centers 2 and
4 vs. 6 h 1 min center 3) may be attributed to the unequal distribution of the tumor entities treated at the centers (centers 2 and 4 mostly “other tumor entities
cases” vs. center 3 mostly “HNC cases”).
The long time needed for contouring
of HNC patients is probably caused by the
complex anatomy, high number of organs

Fig. 6 9 Workload of senior
physicians (SP) and residents (Res) per patient. Definitions of the target volume, approval of the treatment plan, and first irradiation with image guidance (Sum average over all
tumor entities, HNC head
and neck cancer, MC breast
cancer, PC prostate cancer, Other other tumor entities). The abscissa shows
the different steps. The ordinate gives the duration of
the procedure. Mean values
with 5 and 95 % percentiles
are shown

at risk, and the large extent of the target
volume. Another important factor was
the different additional training times in
the diverse centers. On average, the extra
time needed for training was 54 min per
patient, if only the definition of the target volume was considered, and increased
up to 1 h 17 min when considering also
the time needed for treatment planning
and authorization of the plan. The extra
time for training also depends on the level of education. A young resident needs
more tutorial time than a resident in the
last year. If no training was done, as in
center 2 during the measured period, the
contouring time for senior physicians was
higher than in the other centers. The time
for the definition of the target volume (tumor entity weighted) was 1.6 times longer
when using the Eclipse system compared
with the Pinnacle system. The unexpected large delineation time of PC patients
was probably a result of the low number
of measured delineations (n = 3).
Of the mean total preparation time
per patient (3 h 54 min), more than one
half was needed by the MPE (2 h 14 min).
HNC patients present the most complex
anatomy of the chosen entities and consequently most of the planning time for the
MPE (3 h 38 min). The treatment planning time of the MPE was much shorter in
centers using the Pinnacle with step-andStrahlentherapie und Onkologie 5 · 2014
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Fig. 8 8 Workload of medical physics experts (MPE) per patient. Treatment planning and approval of
the treatment plan (actual time: time weighted with the relative number of measured cases per tumor
entity in the mentioned center; nominal time: average time from all centers weighted with the relative number of measured cases in the mentioned center). The abscissa shows different radiation modalities. The ordinate gives the duration of the procedure. Mean values with 5 and 95 % percentiles are
shown
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Fig. 9 8 Workload of technicians per patient. First routine irradiation with image guidance, routine irradiation without and with image guidance. The abscissa shows the different radiation modalities. The
ordinate gives the duration of the procedure. Mean and overall mean values with 5 and 95 % percentiles are shown

shoot IMRT compared with centers using
the Eclipse with sliding-window IMRT
(12.6 min vs. 21.8 min tumor weighted
average), whereas the approval time was
much longer for the step-and-shoot technique, independent of the phantom used
for verification, compared with slidingwindow IMRT (mean 71.3 min difference). If an MU-check software was used
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for verification (one center) the time was
comparable to the verification time of
phantom-based verification with slidingwindow IMRT (time for step-and-shoot
IMRT was not measured).
The first treatment with the IMRT
technique required 74.9 min total workload with 23.7 min room layout. This reveals that many persons were present at

the first treatment, on average 2.1 technicians. Van de Werf et al. [11] at the University Hospital Gasthuisberg, Leuven,
investigated room occupancy at the linear accelerators for the first radiotherapy
fractions and routine fractions for IMRT
cases with or without image guidance in a
mixed collective of HNC and PC patients
in a single center. They found a mean
room layout time of 19.5 min for the first
IMRT treatment compared with 23.7 min
in our study.
The total workload from our analysis depended greatly on the tumor entity
and the center. The fastest first treatment
was observed for PC with 59 min. This increased up to 1 h 20 min for HNC and
breast cancer patients. The longer treatment time for the first treatment of HNC
and breast cancer patients could be based
on the more complex anatomy and could
also be associated with the problems of
patient positioning and managing of the
organ movement. Centers 1–3 needed between 62 and 75 min for the first treatment, whereas center 4 took 1 h 47 min.
This could not be explained by the technique used and is mainly based on center differences. The longer time at center
4 was mainly based on 1 h 15 min technician time and 15.0 min MPE time for the
first treatment compared with 54.3 and
1.1 min (on average) in the other three
centers.
In a previous QUIRO analysis, Budach
et al. [3] evaluated the time required for
the radiotherapy treatment of HNC patients. They compared the 3D conformal
technique with step-and-shoot IMRT
and found a room occupancy time for a
routine treatment with image guidance
of 16.13 min for the 3D technique and a
much longer time (23.5 min) for the IMRT
technique. The additional workload in all
occupational groups was also approximately 1.5 times longer (48.3 min) than
that required for non-IMRT procedures.
We found comparable data for HNC patients treated with step-and-shoot IMRT,
with a room occupancy time of 23.1 min
and a longer total workload of 56.7 min
mainly based only daily image guidance.
The absolute differences in the room
layout time were mostly attributed to the
different tumor entities. The relative differences between the centers were proba-
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First routine irradiation
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bly based on the different available techniques. The total workload for a routine treatment was 23.7 min. For a routine treatment without and with image
guidance, van de Werf et al. [11] determined a mean room layout time of 12.2
and 17.3 min, which is much less than in
our study. This time was almost independent of the tumor entity and center ana-
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First routine
irradiation with
portal imaging

Routine
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lyzed if no image guidance was used. The
use of image guidance resulted in larger
differences between the technician workload for different tumor entities (between
51.9 min for HNC patients and 28.3 min
for PC patients). This could be based on
the much more complex anatomy of HNC
patients compared with PC patients, with
a need for more complex IGRT and con-

Routine irradiation
with portal
imaging

Fig. 11 9 Total workload
of all staff per patient. Definition of the target volume, treatment planning,
approval of the treatment
plan, first routine irradiation with image guidance,
routine irradiation without
and with image guidance
weighted with the relative
number of measured cases in the mentioned center. The abscissa shows the
different radiation modalities. The ordinate gives the
duration of the procedure.
Mean and overall mean values with 5 and 95 % percentiles are shown (definition of the target volume
for prostate not shown because of too low number of
measurement

sequently for longer time. This was also
reflected in the longer routine time for
technicians in center 3, which only used
IMRT for HNC patients, compared with
the other centers.
Blank et al. [2] presented data of the
DEGRO trial (QUIRO studies) from
breast cancer patients (without IMRT)
showing a room occupation time of
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18 min with verification and 17 min without verification, which was both longer
than the data of our study with a room
layout time of 11.0 min for IMRT treatment without imaging and 16.5 min with
imaging. But the mean attendance time
for a treatment with IMRT in our study
was much longer than in the data of Blank
et al., with 36.9 min vs. 31 min for a routine treatment with imaging and 27.1 min
vs. 15 min without imaging.
It is difficult to assess the additional
time needed for the training of the resident by the senior physician, because in
the different centers sometimes the senior physicians did the primary contouring and sometimes they only controlled
the primary contouring of the resident
together with the resident. Only the centers and entities with a longer contouring time for the residents than for the senior physicians were used for the analysis
of the training time. If training was done,
about 82 % of the whole measured time
was needed for the training (time for the
senior physician and resident together).

Conclusion
The data presented here allow for an estimate of the machine time and man-
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power needed for the core procedures
of radiotherapy for an average patient
treated with IMRT. The mean total preparation time per patient was 3 h 54 min for
an IMRT treatment with the longest time
taken for HNC patients (5 h 39 min). The
mean room layout time differed between
10.6 min for a routine treatment without
image guidance and 23.7 min for a first
treatment with a total workload of 22.9
and 74.9 min, respectively. There were
considerable differences between centers in allocation of the different occupational groups for the different core procedures.
This study is not meant to describe
the complete occupational time of all
the staff (e.g., machine quality assurance as part of the approval of the treatment plan). Thus, a calculation of the required manpower based on these results
would result in an underestimation. Our
measurements did not include the time
for the dialog between patient and physician, interdisciplinary tumor conferences, and measures required for quality assurance and mutual information such as
morning rounds and periodical meetings. The same accounts for efforts taken for the simultaneous administration
of chemotherapy and for all administrative services required (nurses, secretar-

Routine irradiation
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Fig. 12 9 Total workload
of all staff per patient. Definition of the target volume, treatment planning,
approval of the treatment
plan, first routine irradiation with image guidance,
routine irradiation without
and with image guidance
(actual time: time weighted
with the relative number of
measured cases per tumor
entity in the mentioned
center; nominal time: average time from all centers
weighted with the relative
number of measured cases in the mentioned center). The abscissa shows the
different radiation modalities. The ordinate gives the
duration of the procedure.
Mean with 5 and 95 % percentiles are shown

ies, administrative staff, etc.). Our assessment of the training time of the residents
for the delineation, treatment planning,
and plan authorization with a factor of
4.6 relative to the time without training
is probably adjusted downward. Furthermore, efforts regarding programs for the
residents and students as well as efforts
for continuous training were not investigated in the study. Thus, to estimate the
staff necessary for radiotherapy departments, all of these time-consuming tasks
have to be added.
The present analysis is part of the
QUIRO trial and, hence, part of a largescale project of the DEGRO with the aim
of evaluating radiation treatment for frequent cancers such as breast cancer, PC,
rectal cancer, and HNC and for different radiation techniques, e.g., 3D RT and
IMRT [2–4, 12]. In this analysis, the available data show the attendance times for
the different occupational groups (physicians, MPE, technicians) and the room occupation while treating with IMRT technique in Germany. Additional trials evaluating human resources and costs of radiotherapy will be necessary to provide
further reliable estimations and representative data nation- and worldwide.
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Abstract
The customer of a new system for clinical use in radiation oncology must consider many options in order to find
the optimal combination of software tools. Many commercial systems are available and each system has a large
number of technical features. However an appraisal of the technical capabilities, especially the options for clinical
implementations, is hardly assessable at first view.
The intention of this article was to generate an assessment of the necessary functionalities for high precision
radiotherapy and their integration in ROKIS (Radiation oncology clinic information system) for future customers,
especially with regard to clinical applicability. Therefore we analysed the clinically required software functionalities
and divided them into three categories: minimal, enhanced and optimal requirements for high conformal radiation
treatment.
Keywords: Treatment planning system, ROKIS, High precision radiotherapy, Software choice, Technical applicability,
Radiation therapy

Introduction
Technical functionality of all soft- and hardware components is a prerequisite for the application of high conformal radiation treatment. Most considerations include
technical functionalities but not the clinical practicability. Hence the available tools are mostly limited in their
applicability and sometimes, because of the absence of
implementation, not applicable at all. The most important consideration is whether it is possible to implement
the technical functionalities or not. Therefore we summarized the available technical functionalities and analysed them according to their clinical practicability. We
focused on the functionality of the treatment planning
system, the patient verification at the accelerator and the
ROKIS system because these factors predominantly contribute to the clinical applicability of high precision
radiotherapy. This study should assist the reader in making the right software and hardware choice for the
implementation of highly conformal radiotherapy in the
daily clinical practice.

* Correspondence: vorwerk@med.uni-marburg.de
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Radiotherapy and Radiation Oncology, University Hospital Marburg,
Baldingerstrasse, Marburg 35043, Germany
Full list of author information is available at the end of the article

Methods and materials
Basic functionality is a prerequisite for the application of
highly conformal radiation treatment. Additional tools
provide increased requirements, for example safer or
faster treatment [1]. In order to identify the features requested, we generated a list based on all features available from a larger radiation oncology vendors. Then, we
classified all functionalities into three groups:
(1)minimal requirements for high conformal radiation
treatment
(2)enhanced requirements for high conformal radiation
treatment (for example faster and/or safer
treatment)
(3)optimal requirements for high conformal radiation
treatment (best possible features)
The tools, which establish the basic requirements for
high conformal radiotherapy for nearly all patients of a
clinical department have been analyzed in this article. In
our considerations, we included high precision therapy
for different clinical cases such as head or neck region
as well as high dosage treatment of the prostate. We did
not include considerations for special areas such as cranial or extra-cranial radiosurgery or brachytherapy.

© 2014 Vorwerk et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited.
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Results
The analysis of the features in the above mentioned
groups are summarised in Table 1, Table 2, Table 3,
Table 4, and Table 5. For clarity the data were divided
into three classifications safety, accuracy and efficiency
(Table 1, Table 2 and Table 3). Thereby, the data import,
registration and structure contouring influence all three
categories. The dicom coordinates from the CT must either be transformed before being imported into the
planning system or a new origin must be defined in the
treatment planning system, which can result in errors.
Therefore the optimal solution is the automatic transformation, either before or directly after the import into
the treatment planning system. The CT software and the
infrastructure often limit this possibility and the treatment planning systems are repeatedly not able to
compensate for this problem. Most of the different
contouring tools are basic tools; correction tools and 3D
options are enhanced and optimal requirements. Most
notably, transferring and copying structures between different data sets is very important for high precision
radiotherapy. The demand on the planning system is extensive concerning accuracy as well as safety aspects.
(Table 1, Table 2 and Table 3). Special focus should be set
on the basic minimal requirement, which is the ability to
create a sum of different data sets. Most ROKIS systems
offer the requested tools, but the integration of the various existing tools into one system is still under development. Patient verification is the system with the highest
demand on new tools in the future, especially for the
clinical implementation of single features. Accuracy and
safety are most important for the clinical applicability of
this feature.
For adaptive treatment most of the tools only have to
met the minimal requirements gin in Table 4. These
tools are available but still much too slow to be implemented in daily clinical routine. Respiratory gating is
gaining in importance in the future (Table 5), if we can
minimize or correlate the differences between interior
and exterior patient movement. The systems available
today from the radiation oncology vendors already meet
most requirements.
Discussion
The ability to assess the clinical applicability and compatibility of software tools is the most important requisite for smooth and fast processes in clinical work and is
often underestimated. The technical features are described in detail by the vendor and an optimal clinical
implementation is presupposed, but in many cases the
integration into the clinical workflow is non-optimal.
For the customer it is very difficult and time consuming
to analyse all the tools in detail. Therefore we summarized the technical features required for a smooth clinical

Page 2 of 8

process, in order to help the customer to make the right
software choice.
Automatic rigid registration of two different data sets
based on grey scale values or with dicom coordinates
should be implemented in the treatment planning systems. Of great importance is the ability of the software
systems to registrate more than two data sets. One example is, for instance, the ability to register the planning
CT of a patient with a head tumour to the T1-weighted
MRI and in addition to the FLAIR (fluid attenuated inversion recovery) MRI. All treatment systems should be
capable of dealing with combined PET-CT data, which
not only compromise a high precision therapy treatment
but also conventional treatments such as radiotherapy
for patients with lung cancer. If the registration is not
lockable this can result in serious treatment failures
(Table 1). Meanwhile flexible registration, which is important for the accuracy (Table 2), is available, but often
as an extra tool with higher costs. The automatic registration errors are not documented well by the manufacturers. At the time, only few evaluations were made
concerning the technical uncertainties [2]. On that account we recommend an accuracy of the technical rigid
registration uncertainties determined by phantom measurements of no more than 0.2 mm for an optimal treatment. Flexible registration in both directions (from
CBCT to planning CT or vice versa) should ideally be
implemented in the planning system in the future [3].
The significance seems to be high, but is not evaluated
satisfactorily [2]. Generally the registration results and
the registration time of the different systems should be
analysed carefully.
A basic feature for the accuracy is the ability to copy a
structure from one data set to another rigid registered
data set (Table 2). This should be evaluated before purchasing a new system. Also the representation of one
structure in another registered data set should be investigated carefully. Some software systems are able to create all necessary structures after selecting a tumor entity
associated treatment scheme, which leads to a faster
contouring process (Table 3). This is important for the
efficiency of the system due to the automatic segmentation
of the organs at risk [4]. This tool is available for most
planning systems, but is very expensive due to the expanded research requirements. Optional contouring tools
only accelerate the contouring process but do not lead to a
better security [5]. The safety can be increased if the user
can lock the structures manually (Table 1). Additionally
the structures should be automatically locked digitally after
connecting to a digitally locked treatment plan. It should
be checked carefully, whether these tools are implemented
in the system to ensure maximum safety.
The available planning features in modern treatment
planning systems are mainly acceptable [6]. The attention
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Table 1 Requirements for safety
Data import, data registration and structure contouring
Minimal

Enhanced

Optimal

Import of all CT data with dicom coordinates

Import of all CT data with transposition of the
dicom coordinates (lower error source)

Structures can be digitally locked by selected
users

Import and export of treatment plans in dicom
format

Registration based on dicom coordinates
Registration is digital lockable
Structures, which are connected to a treatment
plan, can’t be changed (only copies or new
structures can be created)
Requirements for treatment planning

Minimal

Enhanced

Optimal

Collapse cone or equivalent algorithm for the
dose calculation of photons

Monte Carlo or equivalent algorithm for the
dose calculation of photons

IMRT optimization with Monte Carlo or
equivalent algorithm

Monte Carlo based radiation head model

IMRT optimization with a Collapse cone or
equivalent algorithm

Conventional IMRT optimization comprises
collimator and gantry rotation

Create sum plans of treatment plans calculated
on rigid registered data sets

IMRT optimization with a direct aperture
calculation

Volumetric IMRT optimization comprises
collimator rotation and segment selection

Comparison of different treatment plans
(calculated on any data sets) with simultaneous
display of the isodose distributions, DVH and BEV

Monte Carlo or equivalent algorithm for the
dose calculation of electrons

Creating of optimal DRR (DRR templates
producible and manual adjustable)

Creation of check sum every working day
(control of beam data)

More than one reference dose and point can
be applied to a treatment plan (e.g. integrated
boost)

Minimal

Enhanced

Optimal

Import and export of all data in general readable
dicom format (structures, treatment plans, CT/MRI/
PET/… data sets, isodoses, verification images such
as planar view images or CBCT data)

Treatment plans can be digitally locked by
selected users

Automatic connection between patient,
prescription treatment plan and verification
images

Automatic link of the treatment plan to the
corresponding patient

Unlocked treatment plans can’t be applied to
a patient

Requirements for ROKIS

Automatic link of the treatment plan to the
corresponding target volume or clinical protocol
respectively
After radiation the treatment plan can’t be
changed or deleted (only copies can be made)
Positioning information is linked to the treatment
plan
Positioning information and patient photo can
be displayed in the treatment room
Remote control
Periodical upgrades available, (with no data loss,
for example user defined templates)
High data integrity
Requirements for patient verification
Minimal

Enhanced

Optimal

Automatic calculation of the 3D correction vector
of the treatment table (2D planar images and CBCT)

Automatic link of the verification images to the
corresponding field of the treatment plan

Manual adjustment of the field edges of the
verification field always possible

Automatic correction of the table by the system
Automatic link of the verification images to the
corresponding treatment plan and patient
Correction data from offline analysis is automatically
sent to the treatment system
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Table 2 Requirements for accuracy
Data import, data registration and structure contouring
Minimal

Enhanced

Optimal

Import of external CT, MRI or PET data

Registration of any number of data sets

Flexible registration between CT and CT

Automatic rigid registration of 2 different data
sets (e.g. CT and MRI) based on grey scale values

Automatic registration error measured in a
phantom ≤ 0.5 mm

Flexible registration between different
data sets

Registration of the planned CT with a combined
PET-CT

Propagation of a structure to any registered
data set

Flexible registration variable selectable in
both directions

Automatic registration error measured in a
phantom ≤ 1 mm

The propagated structure automatically
receives a new name and / or a specific index

Automatic registration error measured in
a phantom ≤ 0.2 mm

Structures can be copied to both sides between
rigid registered data sets

Correction tools for example to cleanup pixels
out of a selected VOI

Structures can be copied to both sides
between flexible registered data sets

Structure from one dataset is representable in
all registered data sets
Boolian operations (AND, OR, NOT)
Automatic expansion and contraction of
structures with margins selectable in all
three-dimensional directions
Density override
Requirements for treatment planning
Minimal

Enhanced

Optimal

Conventional IMRT possible (step-and-shoot or
sliding-window IMRT)

Volumetric IMRT possible (e.g. RapidArc or VMAT)

Volumetric IMRT with more than one arc
and selectable segments

Create sum of treatment plans calculated on
one data set

Direct manual manipulation of the fluences
possible

Biological optimization and calculation

Use of more than one isocenter in one treatment
plan

IMRT optimization with a DVH based declaration
of the constrains

Flattening filter free mode planning

Non-coplanar fields are applicable (even for IMRT)

Dose and field entries and exits presentable
on the body contour

Create sum of treatment plans calculated
on flexible registered data sets

Display option of a structure in the BEV (e.g. for
adjustment of saturation fields)

Reference dose can be applied to the treatment
plan without linking to an anatomic location of
the data set

Fit of isodoses to PTV or OAR by dragging
the isodoses

Possibility of using a treatment plan as a base
dose plan for a new optimization

TCP and NTCP model calculation included

Convert an isodose to a structure
Calculation and export of dose matrices (fluence)
in transversal, sagittal and coronar slices
Transfer of the fluence distribution on any CT
data set and any phantom for the physical
verification of dose
Adjustable calculation grid
Requirements for patient verification
Minimal
2D fluoroscopic images and CBCT images
producible in the treatment room directly
before any fraction
Fast execution, high solution, good clinical
image quality
Image overlay between the DRR of the treatment
plan and the verification images (2D planar images)
Image overlay between the CT slices of the
treatment plan and the verification images (CBCT)
Automatic matching and manual matching
possible

Enhanced

Optimal
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Table 3 Requirements for efficiency
Data import, data registration and structure contouring
Minimal

Enhanced

Optimal

2D brush, 2D pencil, 2D rubber

Possibility of choosing the CT slices, which
should be imported (some treatment
planning system are not able to handle
too much slices), manually

Possibility of choosing the CT slices, which
should be imported (faster treatment
planning), manually

Automatic contouring of the body contour

All structures are created automatically
after selection of the treatment scheme

Undo function

Propagated structures are automatically
adapted to the new data set
3D brush, deformable brush, structures
stretchable, 3D rubber, structures can be
drawn in sagittal and coronal slices
Automatic segmentation of all organs at risk

Requirements for treatment planning
Minimal

Enhanced

Optimal

IMRT optimization with a pencil beam algorithm

Optimization time for a common
conventional IMRT <15 min.

Optimization time for a common
conventional IMRT <5 min.

Automatic positioning of the leafs in a defined
distance to the PTV

User defined DVH with an automatic display
of OAR and PTV limits (green all well, yellow
clinically acceptable, red out of limit,
implementation of actual literature included
and changes possible)

User defined print option using one button
with possible inclusion of e.g. individual
tables (Adaption of national laws)

Optimization time for a common Conventional
IMRT <30 min.

Simple creation of QA plans or Service
used plans (goal with one button)
Clinical protocols for all tumor entities with
automatically linked dose concepts, structure
templates, OAR structure templates, OAR
dose constraint templates, treatment plan
and optimization templates
Requirements for the ROKIS

Minimal

Enhanced

Optimal

License always available on every ROKIS
workstation

Integrated software concept with treatment
planning, treatment delivery, patient
verification among others (except CT) in
the ROKIS

QA Mode capability: Treatment of all
treatment plans for QA purposes possible
with corresponding rights

Specific and clearly understandable error
messages

Fast system

Anonymization of patient data included
(e.g. for data export and clinical studies)

Possibility to open one or more sessions
per workstation

Minimal

Enhanced

Requirements for patient verification
Optimal

Verification data correctable at any time
after treatment (offline analysis possible)

should only be laid on the calculation algorithm only [7],
which should either be a collapsed cone, Monte Carlo
or an equivalent algorithm for best accuracy (Table 2).
To create a sum out of any treatment plans (independent of the data sets) is the absolute basic tool and
should be particularly emphasized. This tool should be
queried before any decisions concerning the software
are made, because, for example, a manual estimation of
the total lung dose from two different treatment plans

can result in large discrepancies between estimated and
real applied dose. The software can solve these discrepancies. The possibility of using a treatment plan for a
new optimization or to convert an isodose into a structure is a very useful tool for the assessment of the preload.
This is important for the dose accuracy of retreated patients which becomes more and more important not only
in the high precision therapy, but also in the normal clinical routine.
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Table 4 Requirements adaptive treatment
Requirements for accuracy
Minimal

Enhanced

Optimal

Automatic link of the CBCT images to the corresponding
treatment plan and CT (the applied shift on treatment
table must be integrated in the link)

Adaptive system automatically indicates if
a new treatment plan is clinically needed
(predefined limits by the user)

Adaptive system automatically creates a
new treatment plan if clinically needed
(predefined limits by the user)

Requirements for efficiency
Minimal

Enhanced

Optimal

Automatic transfer from the CBCT images to the
treatment system
For online adaptive treatment: automatic propagation
and adaption of the original structures and the original
plan including sum plan and DVH of the sum

Currently more and more treatment plans with more
than one target volume and only one isocenter or plans
with an integrated boost are generated [8]. For these
modalities new software features are needed. For treatment plans with an integrated boost, the possibility of
connecting two different single and total doses to one
treatment plan which both should be automatically
added during the treatment series, is needed. For treatment plans with two anatomical separated target volumes (e.g. two parts of the spinal cord) it would be
helpful to allow dose counting in both volumes separately. These features are important for patient safety
(Table 1). But adding treatment plans can be dangerous
if for example the fractionation is different and should
be carefully analysed by the user. Further a possibility of
presenting the field entries and exits on the body contour to check whether there is an overlap between the
fields on the skin or not would be pleasant. This tool is
also helpful for the analysis of the preload.

The ROKIS systems should be able to import treatment plans to archive them and to export them later on.
But it is important to check if the exported treatment
plan can be used again in the treatment planning system
e.g. for sum plans with new treatment plans after export
and reimport. Otherwise the archive can only be used
for documentation. The best way is to have an integrated
system of ROKIS, the treatment system and the data
archive, which does not need to import and export any
treatment plans. Such an integrated system is good for
safety, accuracy as well as for efficiency. It also has the
additional advantage that retrospective analysis of patient statistics, quality assurance and research can be
done easily and comprehensively for the whole period of
the system.
To have access to clinical templates with e.g. automatically linked dose concepts, structure templates, OAR
structure templates, OAR dose constraint templates, treatment plan and optimization templates is very helpful for

Table 5 Requirements for respiratory gating
Requirements for accuracy
Minimal

Enhanced

Optimal

Planning system supports 4D-CT data sets

IMRT technique used can be applied
in gated mode

Automatic propagation of the structures between
the different phases

Planning system supports the localizer used

Patient verification can be done with
respiratory gating (CBCT)

Patient verification can be done with 4D-CBCT

Planning system supports amplitude gating and
phase gating
Register of diagnostic data sets to the 4D data
set is possible
Planning system can create an ITV out of GTV’s
contoured in different phases
Structure copy from one to another phase is possible
Patient verification can be done with respiratory
gating (2D planar radiographics)
Data transfer of the chosen gating window possible
between CT, planning system and treatment system

Registration of 4D planning-CT with 4D-CBCT is
possible
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the clinical routine to improve the efficiency. Also treatment concept standardization can be integrated in the software to increase uniformity of treatment schedules.
It is essential that the treatment plan can automatically
(!) be linked to the corresponding patient to avoid mistakes (Table 1). Even more important is the automatic
link of the verification images to the patient, both the
verification images of the treatment plans and the verification images from the treatment system. A link of the
verification image to the corresponding field of the treatment plan would be even better. A permanent link between the patient, the clinical prescription, the treatment
plan and the verification images is the most desired solution for optimal safety.
For patient verification nearly all functionalities must
be declared as “minimal requirements”. General patient
verification is essential for high precision therapy [9]. It
must be accurate, fast and as far as possible automatically efficient. Because of the high radiation exposure and
the large time requirements for CBCT [10], the 2D planar imaging modality in the treatment room is also desirable [11]. The image modality must include direct
image overlay for both modalities, because the error ratio of a layer overlay is too large. Whether automatic
matching is more precise than manual matching is not
demonstrated, but it is evidently faster. The demand of
an automatic calculation of a 3D correction vector and
automatic correction of the treatment table by the system is fundamental for the safety in high precision
therapy.
For adaptive planning all “minimal requirements” for
high precision therapy must be fulfilled (Table 4). Additional features such as automatic transfer from CBCT
images to the treatment system with an automatic link of
the CBCT images to the corresponding treatment plan
and CT should be possible. Also important for offline
adaption (Table 5) is the fact that registration between the
CBCT and the planning CT automatically equates the actually applied shift. A prerequisite for this technique is the
automatic propagation of the original structures and the
original plan [12], including the calculation of an actual
sum plan with DVH, which can also be helpful for offline
adaptive planning [13]. Online adaption is still a vision for
the future but not unachievable [14].
For all systems the inclusion of periodical upgrades is
essential. The development of the software and the software options move rapidly and the upgraded systems are
mostly faster and safer. But the most important point is
the fact that software systems, which were not updated,
may be not compatible to newly purchased software or
hardware tools.
The tables should help the user to check the necessary
and additional features, which should be integrated
in modern treatment planning and ROKIS sytems. We
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recommend a point-based system with 10 points for all
maintained minimal requirements, 5 points for all maintained enhanced requirements and 1 point for all maintained optimal requirements to receive a rating number for
the software system.

Conclusions
We analysed the features of different software systems,
which are needed for a smooth clinical process in high
precision radiotherapy treatment for a future customer.
In particular the patient verification subsystem needs a
detailed examination. All minimal requirements should
be fulfilled. Other requirements will make the clinical processes faster or more precise.
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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-Brachytherapie-Quellen 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

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.
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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]

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.

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.

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
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

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

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.
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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

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
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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.

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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Abstract
The presence of an air ﬁlled ionization chamber in a surrounding medium introduces several ﬂuence perturbations
in high energy photon and electron beams which have to be
accounted for. One of these perturbations, the displacement
effect, may be corrected in two different ways: by a correction factor pdis or by the application of the concept of the
effective point of measurement (EPOM). The latter means,
that the volume averaged ionization within the chamber is
not reported to the chambers reference point but to a point
within the air ﬁlled cavity. Within this study the EPOM
was determined for four different parallel plate and two
cylindrical chambers in megavoltage electron beams using
Monte Carlo simulations. The positioning of the chambers with this EPOM at the depth of measurement results
in a largely depth independent residual perturbation correction, which is determined within this study for the ﬁrst
time. For the parallel plate chambers the EPOM is independent of the energy of the primary electrons. Whereas for
the Advanced Markus chamber the position of the EPOM
coincides with the chambers reference point, it is shifted
for the other parallel plate chambers several tenths of millimeters downstream the beam direction into the air ﬁlled
cavity. For the cylindrical chambers there is an increasing
shift of the EPOM with increasing electron energy. This
shift is in upstream direction, i.e. away from the chambers
reference point toward the focus. For the highest electron
energy the position of the calculated EPOM is in fairly good

Der effektive Messpunkt von Flachkammern
und Kompaktkammern in hochenergetischer
Elektronenstrahlung
Zusammenfassung
Das Vorhandensein einer luftgefüllten Ionisationskammer in einem Umgebungsmaterial führt zu verschiedenen
Fluenzstörungen der hochenergetischen Photonen und
Elektronenstrahlung. Eine dieser Störungen, der Verdrängungseffekt, kann auf zwei Arten korrigiert werden:
mit einem Störungsfaktor pdis oder einer Verschiebung
der Kammer in den effektiven Messort (EPOM). Dies
bedeutet, dass die über das sensitive Volumen der Kammer
gemittelten Ionisationen nicht dem Referenzpunkt sondern
dem so genannten effektiven Messort zugeordnet werden. Im Rahmen dieser Studie wurde der EPOM für vier
verschiedene Flachkammern und zwei zylindrische Ionisationskammern in hochenergetischer Elektronenstrahlung
mittels Monte-Carlo-Simulationen bestimmt. Die Positionierung der Kammern mit dem EPOM in der Messtiefe hat
zur Folge, dass der verbleibende Störungsfaktor weitestgehend unabhängig von der Messtiefe ist. Der Störungsfaktor
p wurde erstmalig in dieser Studie für alle Kammern für
den gesamten Bereich klinischer Elektronenenergien bestimmt. Während für die Advanced Markus Kammer die
Position des EPOM mit dem Referenzpunkt der Kammern
übereinstimmt, liegt er für die übrigen Flachkammern
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agreement with the recommendation given in common
dosimetry protocols, for the smallest energy, the calculated
EPOM positions deviate about 30% from this recommendation.

mehrere Zehntel Millimeter in Strahlrichtung verschoben
im luftgefüllten Volumen der Kammer. Für die zylindrischen Kammern ist eine zunehmende Verschiebung des
EPOM mit ansteigender Elektronenenergie zu beobachten.
Diese Verschiebung ist entgegen der Strahlenrichtung, d.h.
von dem Bezugspunkt der Kammern in Richtung des Fokus.
Für die höchste Elektronenenergie im Rahmen der Untersuchung ist die ermittelte Verschiebung des EPOM in guter
Übereinstimmung mit der Empfehlung gültiger Dosimetrieprotokolle. Für die kleinste Energie zeigt sich eine
Abweichung von etwa 30% zu diesen Empfehlungen.

Keywords: Monte Carlo simulations, electron
dosimetry, effective point of measurement, ionization
chambers

Schlüsselwörter: Monte-Carlo-Simulation,
Elektronendosimetrie, effektiver Messort,
Ionisationskammer

1 Introduction
Clinical dosimetry in megavoltage electron and photon
beams requires the use of air filled ionization chambers. The
determination of the quantity absorbed dose to water from
the detector signal is based on cavity theory [1,2], according
to which several chamber and energy dependent perturbation corrections p are necessary to calculate the absorbed
dose to water at a point r in the absence of the detector.
The reason for these perturbation corrections are fluence perturbations induced by the finite volume of the detector, the
non-water equivalent materials of the chamber etc., resulting in deviations of the detector signal in comparison to an
ideal Bragg-Gray detector. One of these perturbations, the so
called displacement correction, which comes from the displacement of the surrounding material water by the detector,
may be accounted for in two different ways: by a factor
commonly denoted as pdis [3] or pgr [4] or by a small chamber shift, to position not the chambers reference point, but
the so called effective point of measurement (EPOM) at the
point of interest r within the water phantom [5]. By definition, the reference point for cylindrical chambers is placed
on the chambers symmetry axis, for parallel plate chambers it is the center of the entrance surface of the air filled
cavity.
The EPOM concept was first introduced by Skaggs [6] for
the measurement of depth dose curves in high energy electron
beams and was further developed and also applied to high
energy photon beams especially by Dutreix [7] and Johansson et al. [8]. Former dosimetry protocols [9] did apply this
concept for reference dosimetry as well as for the measurement of depth ionization curves in high energy photon and
electron beams. Today the EPOM concept is still applied for
absorbed dose determination with ionization chambers [4] and
for electron dosimetry [3,10]. For reference dosimetry in clinical photon beams most dosimetry protocols recommend the

application of a perturbation correction pdis ; only the German
protocol DIN 6800-2 [11] applies the EPOM concept for all
types of measurements.
Several newer publications again launched the discussion
about the effective point of measurement, not only for thimble chambers in high energy photon beams [12–19], but also
in case of electron dosimetry. Monte Carlo calculations performed by Wang and Rogers [20] showed that the EPOM of
parallel plate chambers in high energy electron beams may not
coincide with the chambers reference point and that for cylindrical chambers the upstream distance z from the reference
point to the EPOM given in the common dosimetry protocols
may be to small. Looe et al. obtained similar results in their
experimental investigations including several parallel-plate
and cylindrical chambers.
In all these studies the EPOM was determined from relative
depth dose curves, i.e. no information about the resulting perturbation correction p is given. According to the next revision
of the German dosimetry protocol DIN 6800-2, which will
be published within the next two years, a chamber dependent EPOM will be specified. To apply this EPOM not only
for relative dose measurements but also for reference dosimetry, the resulting perturbation corrections p has to be known.
Therefore the purpose of this paper is to provide a detailed
Monte Carlo study to determine not only the EPOM but furthermore the perturbation correction for frequently used ion
chambers for the whole range of clinical electron energies.
The EPOM in the approach of this study is characterized by
the fact, that the resulting overall perturbation correction is as
depth independent as possible.

2 Fundamentals
According to cavity theory the absorbed dose to water Dw
at the depth z in a water phantom in the absence of the detector
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is related to the mean absorbed dose Ddet imparted to the air
filled volume of the detector [1,3]:

Dw (z) = p · sw,a
(z) · Ddet

(1)

 denotes the ratio of restricted mass collision
where sw,a
stopping powers of the materials water and air and p the perturbation correction factor accounting for the different electron
fluence perturbations due to the presence of the detector. It
is generally assumed, that the perturbation factor p may be
factorized [3]:

pwall : change of electron fluence due to the non-water equivalence of the chamber wall and any waterproofing
material;
pcel : change of electron fluence due to the central electrode;
pcav : change of electron fluence related to the air cavity, predominantly the in-scattering of electrons (pﬂ according
to AAPM TG-51 [4]);
pdis : accounts for the effect of replacing a volume of water
with the detector cavity when the reference point of the
chamber is positioned at the depth of measurement (pgr
according to AAPM TG-51). If the EPOM concept is
applied, pdis = 1
The ICRU [21] concept of reporting absorbed dose at a
point in a phantom as described in Eq. (1) is a very clear and
useful concept from a physical or mathematical point of view.
But, as every energy deposition, hence every absorbed dose
measurement implies a finite volume, it is a priori not known
to which point within the detector the absorbed dose has to
be reported. Due to the finite volume of every detector a fluence and also a dose gradient within the detector is present,
even if the detector is positioned at the absorbed dose maximum of a depth dose curve [22]. For reference dosimetry
in high energy photon beams most present codes of practice
[3,4] report the measured absorbed dose value to the chambers reference point, which is by definition for cylindrical
chambers a point on the symmetry axis and for parallel plate
chambers the center of the entrance surface of the air filled
cavity. In that case the displacement effect is corrected by
the factor pdis . For relative dose measurements generally the
EPOM concept is applied, i.e. the measured absorbed dose
is reported to a different point within the chamber, the so
called effective point of measurement (EPOM) and no displacement correction is necessary. According to the IAEA
and the AAPM protocol, the EPOM for cylindrical chambers
for photon beams is at a distance z = −0.6 · r away from
the reference point in upstream direction and z = −0.5 · r for
electron beams. Within these Eqs. r is the radius of the air
filled cavity. The German protocol uses a value z = −0.5 · r
for both radiation types. For parallel plate chambers in high
energy electron beams z = 0 is assumed in all dosimetry protocols, but some protocols [3,10,11] account for the non-water

equivalence of the entrance window of parallel plate chambers, i.e. the chambers reference point has to be positioned at
the water equivalent depth z, not at the geometrical depth z.
In a very systematic and comprehensive Monte Carlo study
Kawrakow [12] has shown, that the EPOM shift z for cylindrical chambers in photon beams is not only a function of the
cavity radius, but also depends in a complex way on all other
construction details as the cavity length, the central electrode,
the chamber walls and also on the energy of the photon beam.
That means, the EPOM has to be determined for each individual chamber type as a function of energy. For a large number of
cylindrical chambers in megavoltage photon beams this was
performed by Tessier and Kawrakow in a recent publication
[16].
Regarding clinical electron dosimetry, several authors
[24–26] have demonstrated, that there is a strong depth
dependence of the overall perturbation correction p. Moreover, Zink and Wulff [27,28] have shown, that the different
perturbation corrections mentioned above obey different
depth dependencies and the overall perturbation p strongly
depends on the positioning of the chamber, i.e. on the choice
of the effective point of measurement within the chamber. For
practical clinical purposes it would be of great advantage to
find an effective point of measurement within the chamber,
resulting in a depth independent overall perturbation correction p, which could be applied for all depths of the depth
ionization curve to calculate absorbed dose to water (see Eq.
(1)).

3 Methods and Material
3.1 EPOM determination in clinical electron beams
Following Wang and Rogers [20] the effective point of measurement was determined as follows: (i): a depth dose curve
Dw (z) with sufficient depth resolution and small statistical
uncertainty was calculated in a water phantom. To get a continuous function of depth z a spline interpolation of the depth
dose curve was performed; (ii) the depth ionization curve
of the ionization chamber was calculated within the water
phantom, positioned with its reference point at the depth of
measurement z; (iii) the depth dose curve Dw (z) was shifted
an amount z until the root mean square deviation:
(rms(z))2 =

2
1  i

Dw (z + z) − sw,a
·
(z) · Ddeti (z) (2)
n
i

reaches a minimum. Within Eq. (2), n is the number of data
points of the depth ionization and depth dose curve. The
resulting shift z corresponds to the (negative) distance from
the chambers reference point to the effective point of measurement (EPOM). Positioning the EPOM at the depth of
measurement will result in a perturbation correction p, which
is as depth independent as possible.
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Table 1
Volume V and radius r of the active volume of used ionization chambers. For the parallel plate chambers additionally the thickness of the
entrance window d is given, i.e. the distance from the chambers surface to the reference point. The central electrode of all cylindrical ion
chambers consists of aluminum. For more details see [23].
chamber

type

V in cm3

r in cm

d in cm

guard width in cm

Roos
PTW-34001
Markus
PTW-23343
Adv. Markus
PTW-34045
NACP-02

parallel

0.350

0.780

0.112

0.420

parallel

0.055

0.265

0.130

0.035

parallel

0.020

0.250

0.130

0.200

parallel

0.160

0.825

0.060

0.033

Semiflex
PTW - 31010
PinPoint
PTW-31014

cylindrical

0.125

0.275

central electrode r in cm
0.055

cylindrical

0.015

0.100

0.015

3.2 Monte Carlo simulations
All Monte Carlo simulations were performed with the
EGSnrc code system [29] applying the user code egs chamber
[30] for absorbed dose calculations and SPRRZnrc [31] for
the calculation of stopping power ratios necessary to determine the overall perturbation correction p in Eq. (1). In all
simulations the particle production thresholds and transport
cut-off energies are AE = ECUT = 521 keV and AP = PCUT
= 10 keV for electrons and photons, respectively. In preliminary calculations it was ensured, that a further decrease of
these energy thresholds will give same results within statistical uncertainties of typical 0.1%. To increase the calculation
efficiency variance reduction methods like photon splitting
and russian roulette were applied [32].
The EPOM was calculated for four different parallel-plate
chambers and two cylindrical chambers (see Tab. 1). They
were modeled in detail according to the information provided
by the manufacturer using the EGSnrc C++ class library [33].
In case of the Markus and Advanced Markus chamber, the
waterproof protection cap is always included in the simulations. More details about the geometry and material composition, especially for the parallel plate chambers, may be found
in a previous work [23]. The chambers were positioned in a
water phantom dimensioned 30 x 30 x 30 cm3 , the source to
surface distance was set to 100 cm in all simulations and the
field size at the water phantom surface was 10 x 10 cm2 . The
energy deposition was calculated within the active volume
of the chambers. The absorbed dose to water was calculated
within a small water voxel with a radius of 0.5 cm and a height
of 0.02 cm. This voxel size was also used for the calculation
of the mass stopping power ratio water to air.
As electron source several fluence spectra of a Varian Clinac
2100C accelerator [34] covering the whole range of clinical
applications were applied. The nominal electron energies and
depth dose characteristics of these spectra are summarized in
Tab. 2.

Table 2
Characteristics of used electron fluence spectra and resulting depth
dose curves [34]
nom. energy in MeV

R50

zref
in g / cm2

6
9
12
18

2.63
4.00
5.18
7.72

1.48
2.30
3.01
4.53

Rp
3.11
4.85
6.35
9.58

4 Results and discussion
4.1 EPOM of parallel plate chambers
In preliminary calculations the dependence of the minimization result (Eq. (2)) on the range of the depth dose data
included in the minimization process to determine the EPOM
was investigated. As shown in Fig. 1, there is a clear dependence of the effective point of measurement on the considered
depth dose range. Based on these results it was decided, to
include the depth dose data from the surface (z = 0.1 cm)
down to the practical range Rp for each electron energy.
Tab. 3 summarizes the results for the plane parallel chambers examined in this study. The table gives the position of
the EPOM in relation to the reference point of each chamber. As can be seen is the position of the EPOM within the
chamber for the largest part independent from electron energy.
The data of the Roos chamber are in good agreement with
the experimental data from Looe et al.; for this chamber the
authors published a value of z =0.04±0.01 cm. They do also
agree within ±0.01 cm with the Monte Carlo data published
by Wang and Rogers [20] for the NACP and Markus chamber.
Concerning the Markus chamber, the determined EPOM
from the experimental study of Looe et al. [18] deviates from
the data given here (0.04 cm vs. 0.026 cm). The reason for
this is based on the different method in the determination of
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1.4
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Figure 1. Dependence of the EPOM on the considered part of the
depth dose curve. Results are given for a Roos chamber in a 6 MeV
electron beam. The solid line displays the results from Looe et al. [18]
and Zink et al. [27]. The dashed lines are the experimental uncertainties given by Looe. The error bars indicate the statistical uncertainties
of the Monte Carlo simulations (1σ).

the EPOM for the Markus chamber in both studies. According
to the German dosimetry protocol [11] the depth dependent
perturbation correction pcav has to be applied for the guardless
Markus chamber to correct the in-scattering of electrons into
the Markus chamber (see ICRU- 35 [35]). In contrast to our
simulations and the simulations from Wang and Rogers, this
depth dependent correction was applied by Looe et al. before
determining the EPOM. This explains the different EPOM’s
in both studies.

According to present dosimetry protocols [11,4,3] the
chambers reference point should be positioned at the water
equivalent depth z, i.e. the non-water equivalence of the
chambers entrance window should be accounted for. This
should be performed by scaling the thickness of the entrance
window by the mass density [3], or the electron density
[11] of the entrance window material. For the Roos chamber, this would result in a shift of z = 0.0017 cm. For the
Markus and Advanced Markus chamber a negative shift of
z = −0.0026 cm would be the outcome [23], i.e. the EPOM
would be outside the chambers active volume. Regarding our
results and the newest literature data summarized in Tab. (3),
the positioning recommendation given in DIN 6800-2 is questionable. Therefore in the new edition of the German dosimetry protocol this will be reviewed and it can be assumed that
values similar to those given in Tab. (3) will be recommended.
Applying the EPOM shift of Tab. (3) the resulting depth
dependence of the overall correction factor p(z) calculated
according to Eq. (1) is displayed in Fig. 2. The diagrams
clearly show, that the depth dependence of p mostly vanishes
if the chamber is positioned with the EPOM given in Tab.
3 at the depth of measurement z. Up to the half value depth
R50 the variation of p is within 1% for all chambers and energies. Beyond this depth the deviations increase and may reach
3% or more at the practical range Rp . A compilation of the
numerical data of the perturbation corrections p is given in
Tab. (5).
A closer look to the data given in Fig. (2) shows that
the residual variation of the perturbation correction p with

zref

1.02

zref

1.02

p

1.00

p

1.00
0.98
0.96

0.98
6 MeV z = 0.027 cm
12 MeV z = 0.031 cm
18 MeV z = 0.014 cm

0.2

Markus
0.6

0.4

0.96

0.8

6 MeV z = 0.060 cm
12 MeV z = 0.068 cm
18 MeV z = 0.059 cm

0.2

1.0

z/R50 in cm

1.02

zref

NACP
0.6

0.4

0.8

1.0

z/R50 in cm

Adv. Markus

1.02

Roos

p

1.00

p

1.00

zref

0.98
0.96

0.98
6 MeV z = -0.006 cm
12 MeV z = 0.003 cm
18 MeV z = -0.005 cm

0.2

0.4

0.96

0.6
0.8
z/R50 in cm



6 MeV z = 0.043 cm
12 MeV z = 0.050 cm
18 MeV z = 0.043 cm

0.2

1.0



0.4

0.6
0.8
z/R50 in cm

1.0


Figure 2. Overall correction factor p = Dw (z)/ DdetEPOM (z) · sw,a
(z) as a function of depth in a water phantom for four parallel plate
chambers. The chambers are positioned with their EPOM at the depth of measurement z. The error bars indicate the statistical uncertainty
of the Monte Carlo results (1σ).
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Table 3
Calculated EPOM for different parallel plate chambers as a function of the electron energy. A positive shift z indicates, that the effective
point of measurement is downstream the chambers reference point, i.e. away from the focus. The numbers in brackets represent the standard
deviation statistical uncertainty in the last digit. Literature data for the Roos, Markus and NACP-02 chamber are taken from 1: [27], 2: [18],
3: [20] and 4:[20].
chamber

EPOM shift z relative to the reference point in cm

Roos
Markus
Adv. Markus
NACP-02

6 MeV

9 MeV

12 MeV

18 MeV

z

literature

0.040(4)
0.027(4)
0.007(4)
0.060(4)

0.048(4)
0.031(4)
-0.004(4)
0.065(4)

0.050(4)
0.031(4)
0.003(4)
0.068(4)

0.043(4)
0.014(4)
-0.005(4)
0.059(4)

0.045(4)
0.026(4)
0.000(4)
0.065(4)

0.04±0.011,2
0.02±0.013 , 0.04±0.012
0.06±0.014

-0.30

depth is systematical. This was already shown in a previous
paper (Zink and Wulff [27]) for the Roos chamber. To get
a better understanding of the residual variation of p more
detailed Monte Carlo simulations were performed, but the
results would go beyond the scope of the present paper and
will be published in the near future.

-0.35

z/r

-0.40
-0.45
-0.50

4.2 EPOM of cylindrical chambers

-0.55

As may be expected from literature data [20], the EPOM
shift for cylindrical chambers varies with the energy. In agreement with the mentioned publication, our simulations give a
progressive movement of the EPOM toward the focus with
increasing electron energy (see Tab. 4 and Fig. 3). For the highest electron energy within this study, the calculated EPOM
shift for both chambers is close to the recommended value
z/r = −0.5 (see sec. (2)), whereas for the lowest energy the
EPOM shift z/r deviates by more than 30% from this value.
But it has to be remarked at this point, that all present dosimetry protocols do not allow the use of cylindrical ion chambers
for electron energies below 10 MeV (R50 <4 cm). For electron energies above 10 MeV (R50 >4 cm) the recommended
shift z/r = −0.5 is a fairly good mean value for the chambers
investigated in this study.
Fig. 4 displays the resulting overall perturbation corrections
p for the investigated cylindrical chambers. As can be seen, the
application of the calculated EPOM shift results in a mostly

1.02

6 MeV z = 0.33 * r
12 MeV z = 0.41 * r
18 MeV z = 0.50 * r

2.0

PTW 31010
PTW 31014

3.0

4.0

6.0
5.0
R 50 in cm

7.0

8.0

Figure 3. Energy dependence of the EPOM for the cylindrical chambers used in this study. The EPOM shift z is given in units of
the chamber’s cavity radius r. The error bars indicate the statistical
uncertainties of the Monte Carlo simulations (1σ).

depth independent perturbation correction p for the Pinpoint
chamber with variations ± 1% down to a depth of z/R50 ≈ 1.1.
In contrast, the depth dependence of the larger chamber, PTW
31010, is much more pronounced even if the optimal EPOM
is chosen. Beyond a depth z/R50 ≈ 0.8 there is an increase
of p for all energies. For the smallest energy (6 MeV), the
variation p is already in the range of 3% concerning the
depth range from the surface to the half value depth R50 . For
the higher energies this variation is within 2%. The numerical data for the perturbation corrections are summarized in
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Figure 4. Overall correction factor p = Dw (z)/ DdetEPOM (z) · sw,a
(z) as a function of depth in a water phantom for two cylindrical chambers.
The chambers are positioned with their EPOM at the depth of measurement z. Error bars indicate the statistical uncertainties of the Monte
Carlo simulations.
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Table 4
Calculated EPOM for two cylindrical chambers as a function of the electron energy. A negative shift z indicates, that the effective point
of measurement is upstream the chambers reference point, i.e. toward the focus. The numbers in brackets represent the standard deviation
statistical uncertainty in the last digit.
chamber

PTW 31010
PTW 31014

EPOM shift z normalized to the cavity radius r
6 MeV

9 MeV

12 MeV

18 MeV

fit

-0.335(4)
-0.334(4)

-0.391(4)
-0.428(4)

-0.407(4)
-0.426(4)

-0.499(4)
-0.564(4)

−z/r = 0.032 * R50 +0.25
−z/r = 0.043 * R50 +0.23

Table 5
Calculated overall perturbation correction p for the chambers investigated in this study; p is calculated for the reference depth zref and is
also given as a mean value p over depth z with its standard deviation p. The depth range calculating the mean value was z/R50 = 0 to 1 for
parallel plate and z/R50 = 0 to 0.8 for cylindrical ion chambers.
chamber

energy in MeV

z in cm

p(zref )

|p(zref )|

p

p

Roos
Markus
Adv. Markus
NACP-02

6, 12, 18
6, 12, 18
6, 12, 18
6, 12, 18

0.045
0.026
0.000
0.067

1.005
1.000
1.005
1.005

0.003
0.003
0.002
0.003

1.005
1.004
1.006
1.007

0.003
0.004
0.003
0.005

chamber

energy in MeV

z/r

p(zref )

|p(zref )|

p

p

6
12
18
6
12
18

-0.335
-0.391
-0.499
-0.334
-0.428
-0.564

0.975
0.980
0.990
0.990
0.990
0.995

0.004
0.004
0.004
0.004
0.004
0.004

0.971
0.982
0.988
0.991
0.992
0.998

0.009
0.005
0.005
0.003
0.004
0.008

PTW 31010

PTW 31014

Tab. 5. The behavior of the relatively large cylindrical chamber
PTW 3010 is a consequence of the well-known inscattering
effect [8] and the reason for the recommendation given in
all dosimetry protocols, not to use cylindrical chambers for
electron energies below 10 MeV (R50 <4 cm).

5 Summary and Conclusion
In the present study the effective point of measurement
for four parallel plate chambers and two cylindrical chambers in clinical electron beams was investigated by Monte
Carlo simulations using a comparable approach as Kawrakow
[12] and Wang and Rogers [20]. With the exception of the
Markus chamber our results confirm the experimental data
from Looe et al. and were extended to the whole range
of clinical relevant electron energies and include not only
parallel plate chambers but also cylindrical chambers. Moreover, the Monte Carlo calculations did allow the calculation
of the perturbation correction p necessary to determine the
absorbed dose to water from measured depth ionization
curves.
Our results have shown that for all parallel plate chambers there is an effective point of measurement within the air
filled cavity and that the resulting depth dependence of the
overall perturbation correction is largely depth independent.

The variation of p with depth is no more than 1% down to
depths of z/R50 ≈ 1. Moreover, the EPOM for these chambers
is mostly independent of the energy of the primary electrons.
Except for the Advanced Markus chamber the EPOM differs markedly from the chambers reference point. Regarding
cylindrical chambers the EPOM shift is energy dependent. For
large electron energies its value z/r is close to the recommended value |z/r| = 0.5 and decreases by more than 30% for
the lowest energy considered in this study (6 MeV). Applying the EPOM shift, the small Pinpoint chamber exhibits
a depth independent overall perturbation correction p over
a comparable range of the depth dose curve as the parallel plate chambers. For the larger Semiflex chamber PTW
31010 this range is reduced to z/R50 ≈ 0.8, i.e. if cylindrical chambers are utilized for electron dosimetry small
volumed chambers like the Pinpoint chamber should be preferred.
Applying the proposed EPOM shift from this study would
increase the accuracy of depth dose measurements in high
energy electron beams, as for the conversion from depth ionization data to depth dose data only the stopping power ratios
have to be applied, which may simply be calculated from
the fit given by Burns et al. [36]. This is especially of great
importance if modern dose calculation algorithms like Monte
Carlo based algorithms are compared with measurements.
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Reference dosimetry can be performed with the same chamber positioning, if the proposed perturbation correction p at the
reference depth zref is applied, i.e. clinical electron dosimetry
will be simplified.
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Abstract
For CT-based dose calculation in ion therapy a link
between the attenuation coefﬁcients of photons and the
stopping-power of particles has to be provided. There are
two commonly known approaches to establish such a calibration curve, the stoichiometric calibration and direct
measurements with tissue substitutes or animal samples.
Both methods were investigated and compared. As input
for the stoichiometric calibration the data from ICRPreport 23 were compared to newly available data from
ICRP-report 110. By employing the newer data no relevant
difference could be observed.
The differences between the two acquisition methods
(direct measurement and stoichiometric calibration) were
systematically analyzed and quantiﬁed. The most relevant
change was caused by the exchange of carbon and oxygen content in the substitutes in comparison to the data of
the ICRP-reports and results in a general overshoot of the
Bragg peak. The consequence of the differences between
the calibration curves was investigated with treatment
planning studies and iso-range surfaces. Range differences up to 6 mm in treatment plans of the head were

Optimierung der Bremsvermögen zu
Hounsﬁeld-Werte Kalibrierung in der
Protonen und Schwerionentherapie
Zusammenfassung
Für die CT-basierte Dosisberechnung in der Ionenstrahltherapie muss ein Zusammenhang zwischen den
linearen Schwächungskoefﬁzienten der Photonen und
dem Bremsvermögen der Teilchen hergestellt werden.
Es stehen zwei Methoden zur Verfügung, mit denen ein
solcher Zusammenhang hergestellt werden kann: Die
stochiometrische Kalibrierung und direkte Messungen
mit gewebeäquivalenten Substituten oder organischen
Gewebeproben. In der vorliegenden Arbeit wurden beide
Methoden untersucht und verglichen. Als Eingangsdaten
für die stöchiometrische Kalibrierung wurden sowohl
die Daten des ICRP-reports 23 als auch neu verfügbare Daten aus dem ICRP-report 110 verwendet. Mit
Hilfe der neuen Eingangsdaten konnte kein relevanter Unterschied gegenüber den älteren Daten erreicht
werden.
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observed. Additionally two improvements are suggested
which increase the accuracy of the calibration curve.

Die Unterschiede zwischen den beiden Akquisitionsmethoden (direkte Messung und stöchiometrische Kalibrierung)
wurden systematisch analysiert und quantiﬁziert. Der relevanteste Unterschied zwischen den beiden Methoden
wurde im Bereich des Weichteilgewebes gefunden und
konnte auf den höheren Kohlenstoff- und niedrigeren
Sauerstoffanteil der Gewebesubstitute gegenüber den
organischen Geweben zurückgeführt werden. Aufgrund
dieser Vertauschung kommt es zu einer grundsätzlichen
Unterschätzung der Reichweite der Ionen. Die Konsequenzen der unterschiedlichen Kalibrierkurven wurden mit
Hilfe von Bestrahlungsplanungsstudien und Isoreichweitenﬂächen untersucht. Im Falle eines Bestrahlungsplanes
eines Kopftumors wurden Reichweitenunterschiede von
6 mm beobachtet. Zusätzlich werden zwei Möglichkeiten
dargestellt, mit Hilfe derer die Genauigkeit der stöchiometrischen Kalibrierung weiter verbessert werden
kann.

Keywords: Stoichiometric calibration,
stopping-power, ion therapy

Schlüsselwörter: Stöchiometrische Kalibrierung,
Bremsvermögen, Ionenstrahltherapie

Introduction
Particle therapy as a new modality in radiation therapy
provides advantages compared to photon therapy due to the
excellent inverse depth dose profile of the proton and heavy
ion beams as well [1]. Heavy charged particles such as carbon
ions are slightly different from the protons because of their
steeper distal dose falloff, their fragment tail, a lower lateral
scattering and the higher RBE in the region of the Bragg-Peak
[2]. For carbon and hydrogen the active scanning technique
provides an advantage compared to passive beam application
techniques, because the high dose region can be applied with
high conformation to the treatment volume sparing healthy
tissue [3]. Fundamental for a highly accurate beam application is the exact knowledge of the particle range in tissue.
The range calculations have to account for tissue heterogeneities, in density and chemical composition, such as bone,
air cavities, fat and muscle. In radiation therapy, image data
acquisition by computed tomography (CT) with photons is
the only clinically established way of linking patient-specific
anatomy with treatment planning. The CT data provides the 3dimensional distribution of linear attenuation coefficients. A
calibration curve is used to link the attenuation coefficients and
the stopping-power of the particles for non Monte Carlo-based
treatment planning system (TPS). These TPS use a calibration
curve to translate the CT data into the water-equivalent system
because they use base data for water to calculate for example
energy loss and scattering of the charged particles [4].
To establish the calibration curve there are two commonly known approaches. For a number of different tissue

substitutes or tissues the stopping-power relative to water
and corresponding attenuation coefficients are either measured [5–8] or calculated [9]. The second approach has the
practical advantage that no residual range measurements have
to be performed. The used CT-scanner for treatment planning is calibrated by introducing scanner-specific parameters
obtained through scans with tissue substitutes of known chemical composition. The attenuation coefficients for human
tissues are then calculated from the chemical composition and
scanner-specific parameters. The required chemical composition values can be found in ICRP-report 23 or ICRP-report 110
[10,11]. The chemical composition is used for the calculation
of the stopping-power-ratio too.
While in photon therapy the information of electron density
in relation to water is sufficient for dose calculation, in particle
therapy the commonly used Bethe-Bloch equation additionally requires the mean excitation energy (I-value) as a further
crucial input parameter. Especially the mean excitation energy
of water has a general influence and slightly scales the entire
stopping-power values of the calibration curve. The I-value
of water is being discussed by many authors and shows a
wide variety, ranging from 67.2 eV to 85.0 eV [12,13]. Furthermore, the uncertainties of the I-value of the elements
occurring in human tissue as well as in tissue equivalent
substitutes have to be taken into account. The I-value can
be determined by oscillator-strength distributions, dielectric
response functions or a combination of measurements and
Monte-Carlo simulations, all methods have inherent uncertainties which in turn lead to uncertainties in the I-value
[14–16].
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Within this study, as a preparation for clinical use in the
particle therapy center (PTZ, Marburg, Germany), a comparison of the stoichiometric calibration and a substitute-based
calibration curve was performed. It was discussed if different
calibration curves for protons and carbon ions a necessary. The
impact of differences between the two resulting calibration
curves was examined in some treatment planning studies using
TRiP98 [4] and iso-range surfaces. In addition, the relevance
of changes in chemical composition between substitutes and
organic tissues and changes of the I-value were investigated.

3

Following the notation of Schneider et al., the stoppingpower-ratio ρs is defined as the energy loss rate in the traversed
material (dE/dx)m relative to the energy loss rate in water
(dE/dx)w .

ρs =

dE
dx




/
m

dE
dx


(3)
w

By combining equation (1) and (3) this results in
Nm Zm Lm (β, I)
·
Nw Zw Lw (β, I)

Theoretical Background

ρs =

Calculation of stopping-power-ratios ρs

where L is the logarithmic term of the Bethe formula (2). By
introducing the relative electron density ρe

The classical Bethe formula [17,18] describes the energy
loss of heavy charged particles traversing matter.


dE
dx


=
e


L = ln

2 e4
Zeff
−4πN
ZL
me c 2 β 2

c2 β 2

2me


I 1 − β2

(1)



ρe =

Nm Zm
Nw Z w

−β

(2)

Within equations (1)–(2) N describes the number of target
atoms per volume, Zeff is the effective charge of the projectile,
e the elementary charge, me the invariant mass of the electron,
β the velocity of the projectile as a fraction of the speed of
light c, Z the atomic number of the target atoms and I the
mean excitation energy of the traversed material. Values for
the mean excitation energy can be found in [19] (see Table 1).

(5)

equation (4) can be shortened to:
ρs = ρe

2

(4)

Lm (β, I)
Lw (β, I)

(6)

For materials containing more than one chemical element,
the electrons per unit mass Ng and the mean excitation energy
have to be calculated from the chemical, composition. The
mean excitation energy is derived using the Bragg additivity
rule taking into account their fraction of weight ωi [9].
ln(Ig ) =



ω i Zi
ln Ii
Ai

 

ω i Zi
Ai

−1
(7)

Table 1
Chemical composition and densities for the tissue substitutes. HU-values with the standard error of the mean (SEM) for one scanner setup.
The compositions in % of weight are provided by the manufacturer. The elemental I-values were taken from [19].
element
atomic number
atomic weight
I-value [eV]

H
1
1.008
20.4

substitute material

density
[g/cm3]

lung (LN300) RMI 455
lung (LN450)
AP6 adipose RMI 453
BR12 Breast RMI 454
CT Solid Water RMI 451
Water
SR2 Brain
LV1 RMI (Liver)
IB3 Inner Bone RMI 456
B200 Bone Mineral
CB2 -30% CaCO3
CB2 -50% CaCO3
SB3 Bone. Cortical RMI 450

0.270
0.450
0.943
0.980
1.017
1.000
1.051
1.094
1.152
1.145
1.333
1.559
1.822

HU ± SEM
−706
−544
−99
−53
−6
0
15
67
213
208
439
789
1162

±
±
±
±
±
±
±
±
±
±
±
±
±

1.1
0.5
0.4
0.4
0.5
0.4
0.4
0.4
0.5
0.5
0.5
0.5
0.8

C
6
12.011
73.8

N
7
14.007
97.8

O
8
15.999
115.7

Mg
12
24.305
151.1

Si
14
28.086
174.5

11.19
11.21

0.78
0.58

P
15
30.974
179.1

Cl
17
35.453
182.6

Ca
20
40.078
191.9

chemical composition in mass percent
8.46
8.47
9.06
8.59
8.00
11.19
10.83
8.06
6.67
6.65
6.68
4.77
3.41

59.38
59.57
72.30
70.11
67.30

1.96
1.97
2.25
2.33
2.39

72.54
67.01
55.64
55.52
53.48
41.63
31.41

1.69
2.47
1.96
1.98
2.12
1.52
1.84

18.14
18.11
16.27
17.90
19.87
88.81
14.86
20.01
23.52
23.64
25.61
32.00
36.50

3.23
3.24

0.10
0.10
0.13
0.13
0.14

0.95
2.31

0.08
0.14
0.11
0.11
0.11
0.08
0.04

2.31
8.86
8.87
12.01
20.02
26.81
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Ng =



Ngi = NA

 w i Zi
Ai

(8)

NA is the Avogadro constant.
Calculation of the Hounsﬁeld values
The Hounsfield-values measured by a CT scan are
described by equation (9).
HU =

μm − μ w
· 1000
μw

(9)

For the calculations of the linear attenuation coeffcient μ
equation (10) may be applied [20].
μ = ρNg (Z, A) Kph Z̃3.62 + Kcoh Ẑ1.86 + KKN

(10)

The coefficients Kph , Kcoh and KKN describe the crosssections for photon interactions with matter: Kph for the
photoelectric effect in atoms, Kcoh for coherent scattering in
atoms and KKN the Klein-Nishina cross section for free electrons. These coefficients depend on the scanner setup (e.g.
kVp) [20] and are used to fit the calculated HU-values of the
tissues listed in the ICRP-reports ([10,11,21]) to the measured
HU-values of the tissue substitutes. Z̃ and Ẑ are effective
atomic numbers defined in equation (11) and equation (12)
[9]. Further information can be found in [20,22].
Z̃ =

Ẑ =





λi Zi3.62

λi Zi1.86

1/3.62

1/1.86

(11)

(12)

and
λi = Ngi /Ng

(13)

and was placed centric within the sample. The extracted HUvalues with its standard error of the mean (SEM) are given
in Table 1. The entire procedure for obtaining the calibration curve followed the recipe of Schneider et. al. [9]. The
coefficient KKN was fixed to the arbitrary value of 0.5. Due
to the fact that only the ratio μm /μw has to be known the
determination of the ratio of the coefficients Kph and Kcoh
is sufficient. In this work, all shown data and the entire procedure was performed exemplarily for one specific scanner
setup, but the procedure was repeated for each clinical used
CT scanner setup. The differences in tube current, tube voltage
and reconstruction diameter lead to changes in the HU-values
[23] which results in different fit parameter Kph , Kcoh and KKN
and small differences in the calibration curve. The fitted data
for one used scanner setup resulted in the following regression line y = 0.977(±0.005)x −0.16(±2.82) with a coefficient
of determination R2 = 0.9996. For the calculated HU-values
(e.g. Fig. 3) we determined an uncertainty of ±10 HU.
Measured stopping-power-ratio
Highly accurate residual range measurements were performed (see Fig. 1) with a clinical 284 MeV/u C-12 beam
with a FWHM of 5.0 mm. First of all, these measurements
were used to generate a substitute-based calibration curve, secondly to compare the calculated stopping-power-ratios with
the experimental data. The tissue substitutes have a welldefined stoichiometry (see Table 1) and the setup of the
measurement is easier using nonperishable substitutes instead
of animal samples.
To measure the residual ranges a water column (PTW Peakﬁnder) was used. The Bragg-peak chamber (PTW Bragg Peak
Ionization Chamber Typ 34082) allows measurements with
beam diameters up to 10 mm. Both, sample and water column,
were positioned as close as possible in front of the nozzle. For
each substitute, a Bragg curve was measured three times and
averaged. As reference, a further measurement without a sample in the beam path was performed. The acquired data points
in the vicinity of the Bragg peak (maximum) were interpolated
using a 2nd order polynomial (parabola). The stopping-powerratio is calculated according to the following equation:

Materials and Methods
CT scanner parameters Kph and Kcoh
To determine the K-coefficients in equation (10) a CT-scan
with tissue substitutes of known chemical composition with
the CT scanner Siemens Somatom Sensation Open at 120 kVp
was performed. As samples the tissue substitutes of the tissue
characterization phantom model 467 (Gammex, Middleton,
WI) were used. All samples were positioned central in a
cylindrical water phantom with a diameter of 30 cm. With an
in-house software the HU-values were extracted. The region
of interest had a diameter of 10 mm and a length of 40 mm

ρs =

zw − (zm − zA )
dm

(14)

with zw the depth of the Bragg-Peak from reference measurement and zm from the substitute measurement and dm
the geometrical thickness of the target [24]. zA is a rangecorrection for the missing layer of air when the tissue
substitute is inserted in the beam-path. We assumed a measurement uncertainty of 50 μm for (zm — zw ) according to
the manufacturer. The uncertainty of the thickness dm , measured with a caliper was also assumed to be 50 μm. The total
uncertainties are given in Table 2.
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Figure 1. Schematic experimental assembly to measure the water-equivalent ranges.

Calculated stopping-power-ratio
The theoretical stopping-power-ratio for the substitutes (see
Table 1) and human tissues [10,11] were calculated using
equation (6). For the computation of the stopping-power- ratio
the change of the ion species (e.g. protons to carbon) at a
constant energy per nucleon has no influence. However, if
carbon ions are used instead of protons, the primary particle energy per nucleon needs to be much higher to gain the
same range in water. This slight influence due to the energy
dependency of the logarithmic term is currently not considered in treatment-planning systems and will be discussed in
section 4. In the entire work the primary energies are given in
MeV/u and can be used for protons and carbon ions as well.
Schneider et al. set the β value and the corresponding energy
to 219 MeV/u in order to get best accuracy for large particle ranges. We adopted this value to calculate the stoppingpower-ratio. The theoretical values for the stopping-powerratio of the tissue substitutes can then be compared with the
measured stopping-power-ratios of the samples.
Another relevant aspect of this procedure is the value of the
mean excitation energy for water in equation (6). The fact that
the stopping-power-ratio is a relative quantity related to water
makes the entire procedure susceptible to uncertainties in the
I-value of water. Therefore the authors of this paper assume,
that deviations between measurement and calculation of the
used substitutes mainly occur due to uncertainties in the Ivalue of water. A best-fit adjustment was performed within
the range of reported I-values to gain the highest possible
accordance to the measurements.
Evaluation using patient data
To evaluate the impact of different calibration curves three
different approaches were used:
Within the first approach the treatment planning system
TRiP98 was used [4]. Two data sets with different tumor
entities and a variety of penetration depths were chosen

(see Figure 5): a brain tumor of a child and a prostate tumor.
For both data sets the process of treatment planning was similar: In a first step a dose optimization and physical dose
calculation with two opposing carbon beams was carried out
employing the substitute-based calibration curve, in the second step a recalculation of the dose was performed using the
stoichiometric calibration. For evaluation purposes the dose
distributions of the two treatment plans were compared in
representative CT-slices.
The parameters for the calculation of the treatment plans
were the following:
•
•
•
•
•
•

Iontype: carbon ions
beam setup: two opposing beams (−90◦ and 90◦ ) same
weight
dose grid: 2 mm, 2 mm, 3 mm (x,y,z-coordinate)
FWHM start: 5 mm
dose calculation model: allpoints algorithm
dose optimization algorithm: CT-based gradient algorithm

As a second approach iso-range surfaces were calculated.
Employing the different calibration curves a ray-tracing algorithm was applied to calculate the range of the rays, parallel
to the beam direction traversing the CT voxels. The different
calibration curves result in different iso-range surfaces which
are displayed in representative CT slices.
For the third approach a HU-histogram were extracted
from eight CT slices parallel to the beam direction. The
size and extension of the region of interest within that slice
corresponds to the irradiated field (dose D > 0). The mean
stopping-power-ratio (ρ̄s ) is calculated employing the measured or the stoichiometric calibration curve.
n


ρ̄s =

ρs (HUi )

i=1

n

(15)
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Table 2
Measured and calculated stopping-power-ratios of the tissue substitutes for three different I-values at an initial beam energy of 219 MeV/u.
The measured stopping-power is given with its uncertainty. In brackets the relative deviation between measurement and calculation in percent
is given. The last row shows the root mean square (RMS) of the relative deviation, excluding the data for the lung substitutes (see text).
substitute material

measured

calculated stopping-power-ratio

stopping-power-ratio ρs

I: 74 eV

lung (LN300) RMI 455
lung (LN450)

0.308 ± 0.3%
0.464 ± 0.2%

0.264
0.441

(−14.3%)
(−5.0%)

0.266
0.443

(−13.8%)
(−4.5%)

0.267
0.446

(−13.3%)
(−3.9%)

AP6 adipose RMI 453
BR12 Breast RMI 454
Water
CT Solid Water RMI 451
SR2 Brain
LV1 RMI (Liver)
IB3 Inner Bone RMI 456
B200 Bone Mineral
CB2 -30% CaCO3
CB2 -50% CaCO3
SB3 Bone. Cortical RMI 450
RMS

0.947
0.979
1.000
1.008
1.066
1.080
1.107
1.100
1.268
1.433
1.623

± 0.1%
± 0.1%

0.940
0.970
1.000
0.997
1.070
1.073
1.098
1.091
1.270
1.434
1.630

(−0.7%)
(−0.9%)
(0.0%)
(−1.0%)
(0.4%)
(−0.6%)
(−0.8%)
(−0.9%)
(0.1%)
(0.1%)
(0.5%)
(0.65%)

0.945
0.975
1.000
1.003
1.076
1.079
1.105
1.097
1.278
1.443
1.642

(−0.1%)
(−0.4%)
(0.0%)
(−0.5%)
(1.0%)
(−0.1%)
(−0.2%)
(−0.2%)
(0.8%)
(0.7%)
(1.2%)
(0.59%)

0.951
0.981
1.000
1.008
1.082
1.085
1.111
1.103
1.285
1.451
1.651

(0.4%)
(0.2%)
(0.0%)
(0.1%)
(1.5%)
(0.5%)
(0.4%)
(0.3%)
(1.3%)
(1.3%)
(1.7%)
(0.92%)

±
±
±
±
±
±
±
±

0.1%
0.1%
0.1%
0.1%
0.1%
0.1%
0.1%
0.1%

where ρs (HUi ) is the stopping-power-ratio for every voxel in
that region of interest.
The latter method was used to investigate the impact of
differences in the calibration curves in three different HUsegments on the overall deviation. The three segments are:
•
•
•

Fat tissue (−250 < HU < 0)
Soft tissue (0 < HU < 100)
High HU-values (1170 < HU < 3000)

In order to calculate the effect between measured and calculated calibration curve related to one of these three HU
regions, we calculated three Δρ̄ with eq. (16).
1
n
n

Δρ̄s =

i=1

(ρs (HUi )stoi − ρs (HUi )meas )

: HUmin < HUi < HUmax

0

: else

(16)

for the HUmin , HUmax values given above.

Results
Comparison of the calculated and measured
stopping-power-ratio of the tissue substitutes
In order to evaluate Schneiders theoretical calculation
for the stopping-power-ratio, a comparison with the measured stopping-power-ratio of the substitute samples was
performed. The results are summarized in Table 2.
It was assumed that the large deviations (5–15%) of the lung
substitutes were not caused by uncertainties of the mean excitation energy, but rather by modulation effects of the porous
materials [8,25]. These modulation effects will be investigated

I: 78 eV

I: 81.7 eV

and presented in a further paper. Therefore the lung substitutes
were not taken into account for the optimization of the mean
excitation energy. The highest possible conformity (smallest
RMS) between measurement and calculation was achieved
using a mean excitation energy of 78 eV which is consistent
with the value found by Steidl et. al. [24]. Schneider et al.
used 81.7 eV as calculated with the Bragg additive rule for
oxygen and hydrogen (eq. (7)). With respect to equation (1) a
change of 3.7 eV causes a shift in the stopping-power-ratios of
0.5% for all tissues listed in [10]. A 0.5% change in stoppingpower-ratio results in a deviation of particle ranges of 1 mm
in 20 cm depth.
In this work the applied calibration data are all calculated
for one fixed energy of 219 MeV/u (like [9]). It should be noted
that there is no difference for the stopping power ratio between
protons and carbons (at same velocity or at same energy per
nucleon) when using the basic equations (1)–(8).
In Figure 2 the energy dependency of the stopping power
ratio is calculated for a set of typical I-values being different
from that of water (reference). Furthermore the influence of
the beam energy on the range is shown. It can be seen that the
energy dependence is stronger for the curves having a larger
difference of the I-value compared to the reference I-value for
water. Anyway, within the clinically relevant energy range (50
- 400 MeV/u) the variation of ρs and the range-ratio is less
than 1%.
Comparison of the calibration curves from
stoichiometric calibration and measurement
By linking the measured HU-values and the corresponding measured stopping-power- ratio, an entirely experimental
calibration curve was obtained and compared to the stoichiometric calibration. Both diagrams are given in Figure 3.
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stop. pow. (E) / stop.pow.ref. (E)
range−1 (E) / range −1
(E)
ref
AP6 adipose I = 64.3 eV

LN 450 I = 70.9 eV

1
Water I = 78 eV (reference)

0.98
CB2 − 50% I = 90.9 eV

0.96
SB3 Bone I = 102.0 eV

0.94

0.92
0
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E [MeV/u]
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Figure 2. Energy dependence of the stopping power ratio (solid lines) and the range (dashed lines) for different generic materials having
different I-values but the same relative electron density. Shown is the ratio relative to a material having a reference I-value of 78 eV (water).
The range curves are calculated by numerical integration of (dE/dx)−1 using eq. (1). The used I-values 64.3, 70.9, 90.9, and 102.0 correspond
to the substitute materials AP6 adipose, LN 450, CB2 - 50% and SB3 Bone (see Table 1, the I-values are calculated with eq. (7)).
1

2.5
0.95

0.9

0.85

stopping−power−ratio
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Figure 3. Comparison of the stoichiometric and measured calibration curve. The stars (gray) are measured values of the tissue substitutes.
The crosses refer to sampling points obtained by the stoichiometric calibration (green for the ICRP-report 23 data, red for the ICRP-report
110 data). The dotted lines indicate that the curve is extrapolated in this region. In the lower zoomed box the data points of the ICRP 110 are
shown as red crosses. The hatched regions (−250–0, 0–100, 1170–3000) were examined separately to evaluate the impact of differences.
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Table 3
Relative frequency of HU-values within the irradiated field and difference of mean stopping-power-ratio according to eq (16) (ICRP-report
23 vs. measured calibration curve) for three segments in the calibration curve with it’s standard deviation (SD) in five different tumor sites.
For each tumor site eight slices were investigated.
segment

adipose tissue
(−250 −0 HU)

soft tissue
(0 −100 HU)

bone tissue
(1170 −3000 HU)

Tumor site

frequency

frequency

frequency

Head tumor
Prostate cancer
Glioblastoma
Head and neck cancer
Merkel cell carcinoma

in %

ρ̄s

SD

in %

ρ̄s

SD

in %

ρ̄s

SD

7,62
37,04
6,14
23,03
7,11

−0,0004
−0,0029
−0,0003
−0,0014
−0,0004

8,8E-05
7,7E-05
1,5E-04
2,9E-04
3,2E-05

72,70
36,23
69,19
34,54
72,68

−0,0277
−0,0101
−0,0253
−0,0104
−0,0196

2,9E-03
8,2E-04
1,9E-03
1,3E-03
1,4E-03

0,06
0,27
2,97
1,37
4,41

0,0000
0,0001
0,0009
0,0004
0,0012

8,0E-06
7,8E-05
5,7E-04
1,6E-04
1,3E-04

The stoichiometric calibration curve was calculated applying the older ICRP-report 23 data, as well as the newer
ICRP-report 110 data. As can be seen in Figure 3 the data from
both ICRP-reports result in almost identical calibration curves
in the soft tissue region and slightly differing in the region >
150 HU. Comparing the measured (tissue substitutes) and calculated stopping-power-ratios (real tissue composition), some
major differences were observed. The most obvious difference
is visible in HU range HU > 1200 and in the region between
0 and 100 HU (enlarged part). The impact of these differences in calibration curves on calculated dose distributions
in patients is proportional to the frequency of occurrence of
the according HU-values. Therefore five different typical CT
data sets were chosen to investigate the relevance of the deviations in calibration curves (measured vs. ICRP-report 110) for
the three HU ranges defined in section 3.4. The relative frequency of HU-values for the investigated tumor sites is given
in Table 3.
In nearly all investigated tumor sites the HU-values of soft
tissue are most likely, whereas the occurrence of bony tissue is
negligible. As a consequence the mean stopping-power-ratio
difference (ρ̄s ) related to the soft tissue region is around
one order of magnitude larger than in the other segments.
Therefore the HU-range for soft tissue (0-100 HU) is the
most important and will be analyzed in detail in the following
subsection.

Inﬂuence of the chemical composition and mass
density of substitutes on the calibration curve
The chemical composition of the substitute and the corresponding real tissue were compared (Table 4). For each region
revealing large differences, the corresponding substitute was
compared with its chemically most likely or neighboring
human tissue from ICRP-report 23 [10].
The comparison indicates that there are two main causes for
the difference between data points of substitutes and their corresponding ICRP tissues. The bone substitutes show a lower
mass density than the corresponding real bone tissue. The
HU-value and stopping- power-ratio as well are proportional
to the mass density, respectively to the relative electron density. Therefore, a mass density shift causes a diagonal shift of
a data point within the calibration curve. If such a diagonal
shift occurs at the edge of a piecewise fit (fit sections defined
by Schneider et al.), the slope of the linear connection between
two sections (see Figure 3, HU ≈ 300) is changed.
In the soft tissue region the most obvious change between
brain tissue and its substitute is an exchange of the carbon
and oxygen content (Table 4). To estimate the impact of
this material component change on the calibration curve and
therefore its uncertainty, a generic material only consisting
of carbon and oxygen was further investigated. Using eq. (6)
and (10) three different parameters directly connected with

Table 4
Comparison of tissue substitutes and corresponding ICRP-tissues [10]. The mass density, the relative electron density (ED) and the
stoichiometric compositions are given.
substitute material
ICRP tissue
SR2 Brain
Brain
B200 Bone Mineral
Skeleton-spongiosa
SB3 Bone. Cortical RMI 450
Skeleton-cortical bone
Aluminium
Teeth

density
[g/cm3 ]

relative
ED

H

C

N

O

1.051
1.040
1.145
1.180
1.822
1.920
2.700
2.750

1.047
1.035
1.097
1.150
1.695
1.781
2.344
2.518

10.83
10.70
6.65
8.50
3.41
3.40

72.54
14.50
55.52
40.40
31.41
15.50

1.69
2.20
1.98
2.80
1.84
4.20

14.86
71.20
23.64
36.70
36.50
43.50

2.2

9.5

2.9

42.1

Na
Mg
P
S
composition in % of weight
0.20
0.10

0.10

0.40
3.24
3.40

0.10

0.20

10.30

0.7

13.7

0.20

0.30

0.20

Cl
0.08
0.30
0.11
0.20
0.04

K

Ca

Fe/Al

0.30
0.10

8.87
7.40
26.81
22.50

Fe: 0.1

Al: 100
28.9
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Figure 4. Effects on ρs and HU by changing parameters of a generic material containing carbon and oxygen. A: mass density or relative
electron density; B: mean excitation energy; C: effective atomic number (equation (10)). D: exchange of carbon and oxygen content.

a composition change have been varied independently: the
relative electron density ρe , the mean ionization energy I
and the effective atomic number Z. The amount of parameter variation corresponds to the observed changes between
tissue substitutes and corresponding real tissue compositions
(tab. 4). The results are summarized in Fig. 4.
Subfigure A illustrates the effect of a varying relative
electron density. The relative electron density is included in

equation (6) for the stopping-power-ratios as well as in equation (10) for the HU-value and therefore causes a diagonal
shift. In this figure the relative electron density is changed by
an amount of ± 4%. The change in mass density and electron
density as observed among the bone substitutes compared to
the ICRP tissues (Table 4), therefore, explains the large difference in the low density bone region (see Figure 3). In graph
B the mean excitation energy (I) is changed by ± 30% and

Figure 5. Sagittal view of the tumor entities used for dose calculations. The green lines show the positions of transversal slices which were
used for evaluation purposes. In red the planning target volume (PTV) is shown. The blue structures illustrate organs at risk in the vicinity
of the treatment volume.
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corresponds to a change of carbon content from 15% to 70%
and of oxygen from 70% to 15% as seen in Table 4. The fact
that the I-value only has an effect on the stopping-power-ratio
results in a vertical shift. A change of the effective atomic
number (Z̃) is shown in graph C. In this graph the effective
atomic number is changed by ± 26%. A variation of the effective atomic number only has an impact on the HU-value. In
equation (10) the effective atomic number is emphasized by a
power larger than unity. Therefore a small change of chemical composition results in rather large changes of μ. In graph
D the superposition of the previous two effects is shown. By
increasing the carbon (ωC ) and decreasing the oxygen amount
(ωO ) the effective atomic number is decreased. On the other
hand the exchange of carbon and oxygen content leads to a
reduction of the mean excitation energy. The vertical and horizontal shift is superimposed to a diagonal shift that can be

correlated to the deviation of the data point of the substitute
SR2-Brain (soft tissue region in Fig. 3). This substitute has a
lower oxygen and higher carbon content in comparison to the
brain-tissue and explains the large difference between the stoichiometric and measured calibration curve in the soft tissue
region.

Inﬂuence of different calibration curves on particle
range in anatomical data sets
The impact of the different calibration curves on dose calculations is shown in Figure 6 for two tumor sites shown in
Figure 5. The green lines in Figure 5 indicate the position of
the representative transversal slices which were examined in
detail.

Figure 6. transversal CT-slices (slice 1 right, slice 2 left, see fig. 5) of the two different tumor entities: Brain tumor (top), Prostate tumor
(bottom). The red line shows the contour of the planning target volume. The yellow (stoichiometric calibration) and blue (measured
calibration) line show the 95% isodose line of the two different dose distributions planned with lateral, opposing Carbon-beams. The 95%
isodose line for the stoichiometric calibration with the data from ICRP-report 110 [11] is identical within the stroke width of the ICRP-report
23 [10] data.
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Figure 7. Iso-range surfaces for a large field coming from the left for
the brain tumor. The colored lines show surfaces with a constant range
when calculated with the measured (solid line) or stoichiometric
(dashed line) calibration.
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employing the stoichiometric calibration is distinctly deeper
than the calculated stopping-power obtained by the substitutebased calibration curve. The higher the penetration depth,
the larger the range differences get. The shift between two
surfaces reaches up to 4 mm in 140 mm penetration depth.
The rather large shifts in the treatment plan of the brain
tumor patient can be explained by comparing the stoppingpower-ratio according to the different calibrations with the
frequency of occurrence of HU-values in a representative CTslice (Figure 8a).
A high frequency appears in the region of 20-30 HU. As
shown in Table 3 the difference in the soft-tissue region has the
greatest contribution to differences in stopping-power-ratio.
The combination of high frequencies of HU-values and differences in calibration curves in this region result in large
deviations in range. For the prostate study the equivalent graph
is shown in Figure 8b. Here two main peaks are visible in the
HU histogram, one peak again in the region of 20-30 HU, the
other in the HU region of adipose tissue (−120 up to −75
HU). The difference between both calibration curves is in the
lower HU region distinctly smaller and therefore results in
lower range shifts.

Discussion and Conclusion
In Figure 6 the red line indicates the PTV. The yellow line
corresponds to the 95% isodose of the optimized dose distribution achieved by employing the measured calibration curve,
the blue line shows the 95% isodose of the recalculation with
the stoichiometric calibration. As expected a shift between the
two lines occurs mainly at the distal and proximal edge of the
target volume. The shift of the 95% isodoseline on the distal
edge for the prostate treatment plan is up to 2 mm while for
the head study shifts up to 6 mm occur.
In Figure 7, iso-range surfaces for CT data of the head are
displayed. The solid line is obtained by using the stoichiometric calibration, the dashed line by using the substitute- based
calibration curve. The calculated stopping-power-ratio by

Inﬂuence of the chemical composition on the
calibration curve
A comparison between the stoichiometric calibration and
a calibration curve from beam range measurements with tissue substitutes was performed. The stoichiometric calibration
with different input data (ICRP-report 23, ICRP-report 110)
showed negligible differences up to HU-values of 150. The
slopes of the calibration curves are diverging from 150 HU
to 2500 HU. The measured and calculated calibration curves
agree fairly well up to HU-values of 1200 HU. Above HUvalues of 1200 the curves proceed divergent. As substitutes for

Figure 8. Histogram of the HU-values in one CT-slice within the irradiated field (dose D > 0) and an excerpt of the corresponding calibration
curves shown in one diagram.
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high densities different authors proposed aluminium [5,6,26].
In this work an extrapolation of the bone substitutes was performed to account for high HU-values due to the fact, that no
substitutes were available. Compared to the calibration curve
based on the ICRP 110 data this seems to be reasonable. Even
though the slopes of the calibration curves (ICRP 23 vs. measured) are slightly differing in the high HU range, for the
investigated cases these difference had a negligible impact
on the stopping-power-ratio as can be seen in Table 3. Much
more important are the differences in the soft tissue region
(0 < HU < 100). Most human tissues are within this region and
the difference in stopping-power-ratio accumulates along the
beam path in the patient. Two different aspects were found to
contribute to these differences.
The first aspect is caused by different densities of substitutes
and real tissues. As proposed by Schneider et. al. [9] a piecewise linear fit in three segments (lung-fat, soft tissue, bone)
was performed. The observed differences occurring at the linear connection between two neighboring segments (e.g. soft
tissue - bone) were traced back to a change in physical density of the bone substitutes compared to the real tissues (see
section 4.3). This effect could be mitigated, if a higher number of substitutes with different densities is used. But, this
possibility is limited due to the limited number of available
substitutes.
The second aspect is related to the high carbon and low oxygen content of the substitutes. We assume that the exchange
of both contents is basically related to the production process.
The main content of human soft tissue is water, while tissue substitutes are mainly manufactured from polymers [27],
resulting in high carbon contents. It was shown that differences in the soft-tissue are the most relevant (see tab. 3). It
was also shown, that an exchange of carbon and oxygen content within the substitutes leads to an overestimation of the
stopping-power-ratio and therefore to an overshoot on the real
tissues. This systematic error can not be improved by using
a higher number of substitutes. A possible solution to overcome these errors was shown by Yohannes et. al. [27]. They
produced new tissue equivalent substitutes based on the stoichiometric calibration. The resulting substitutes agreed well
with corresponding ICRU real tissues in terms of stoppingpower, electron density and linear attenuation.
Inﬂuence of calibration curve differences on
treatment planning studies
Treatment planning studies with the TPS TRiP98 were performed with two different CT-data sets. Dose calculations and
optimizations with the measured calibration and dose recalculations with the stoichiometric calibration resulted in a higher
beam range, causing an overdosage at the distal edge of the
treatment volume. By using a combination of two opposing fields, each beam produces an overdosage at the distal
edge. The large dose gradient at the distal edge dominates
the small dose gradient at the proximal edge. Therefore the

superposition of both fields results in an overdosage outside
both edges of the treatment volume. In the treatment plan
of a prostate tumor patient range differences of 2 mm were
observed. In the brain tumor patient of a child range differences of 6 mm were observed in rather small penetration
depths.
Inﬂuence of the mean excitation energy I on the
calibration curve
The computation of the I-value in the procedure of the
stoichiometric calibration is done with the help of Bragg’s
rule (eq. (7)). Due to the lack of shell-correction and density
effects in the Bragg’s rule [28] the differences between the
performed, accurate residual range measurements and computed stopping-power-ratios were attributed to uncertainties
in the I-value of water. The stoichiometric calibration was
performed with different I-values of water and the best agreement considering eleven substitutes was achieved for 78 eV
as already proposed by Steidl et. al. [24], whereas Schneider
et. al. used 81.7 eV. The change of 3.7 eV results in a 1 mm
range shift in a depth of 20 cm. An adjustment of the I - value
seems reasonable and could increase the accuracy of the stoichiometric calibration. Instead of using the Bragg’s rule one
should use literature values [12] or adapt the I-value to performed, accurate residual range measurements as done in this
work.
Inﬂuence of the primary particle energy on the
calibration curve
The calculation of the stopping-power-ratio is insensitive to
the change of ion species (e.g. protons to carbons) at the same
energy per nucleon. However, for the same range in water the
primary beam energy of carbon ions has to be much higher
compared to protons. A differentiation between a carbon ion
and proton calibration curve can be combined with different
treatment concepts in differing tumor entities. An extreme
example is the comparison of a proton treatment of a pediatric
skull base tumor (≈ 5 cm depth) and a carbon ion treatment
of a prostate cancer (≈ 20 cm depth). The calculation of the
stopping-power-ratio with an adapted primary beam energy
(E = 80 MeV/u vs. 330 MeV/u) reduces the range uncertainty
for approximately 0.5% or more, depending on the material or
I-value (see Fig. 2). This idea can be easily combined with the
proposal of Constantinou et. al. [23] to use separate calibration
curves for different CT scanner setups (e.g. kV, mAs) due to
the fact that the scanner setup is also dependent on the scanned
region of the body.
Conclusion
A stopping-power to HU-value calibration should be performed with the stoichiometric calibration as described by
Schneider et. al. [9] due to the fact that a tissue substitute
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based calibration is strongly dependent on the used substitutes.
Especially in the most relevant region of 0 - 100 HU (soft tissue) the exchange of the carbon and oxygen content leads to
a clinically relevant overshoot of a few millimeters. The used
substitutes were manufactured and optimized for photon therapy and therefore have an unrealistic chemical composition
compared to real tissue. This in turn leads to a foreseeable
overshoot of the particle beam in the real tissue compared
to the dose distribution from the treatment planning system
(using a substitute based calibration). Perspectively, an optimization of the substitutes for ion therapy could be possible
as shown by Yohannes et. al. [27], however these are currently
not commercially available.
In order to improve the stoichiometric calibration the mean
excitation energy of water should be adapted to measurements or taken from literature values rather than determined by
the Bragg’s rule (eq. (7)). An adaption of the primary beam
energy in the calculation of the stopping-power-ratio to the
used ion species (carbons vs. protons) and the necessary maximum penetration depth in a specific radiated tumor site can
furthermore reduce the range uncertainty.
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Purpose: The electron fluence inside a parallel-plate ionization chamber positioned in a water
phantom and exposed to a clinical electron beam deviates from the unperturbed fluence in water
in absence of the chamber. One reason for the fluence perturbation is the well-known “inscattering
effect,” whose physical cause is the lack of electron scattering in the gas-filled cavity. Correction
factors determined to correct for this effect have long been recommended. However, more recent
Monte Carlo calculations have led to some doubt about the range of validity of these corrections.
Therefore, the aim of the present study is to reanalyze the development of the fluence perturbation
with depth and to review the function of the guard rings.
Methods: Spatially resolved Monte Carlo simulations of the dose profiles within gas-filled cavities
with various radii in clinical electron beams have been performed in order to determine the radial
variation of the fluence perturbation in a coin-shaped cavity, to study the influences of the radius of
the collecting electrode and of the width of the guard ring upon the indicated value of the ionization
chamber formed by the cavity, and to investigate the development of the perturbation as a function of
the depth in an electron-irradiated phantom. The simulations were performed for a primary electron
energy of 6 MeV.
Results: The Monte Carlo simulations clearly demonstrated a surprisingly large in- and outward
electron transport across the lateral cavity boundary. This results in a strong influence of the
depth-dependent development of the electron field in the surrounding medium upon the chamber
reading. In the buildup region of the depth-dose curve, the in–out balance of the electron fluence is
positive and shows the well-known dose oscillation near the cavity/water boundary. At the depth of
the dose maximum the in–out balance is equilibrated, and in the falling part of the depth-dose curve
it is negative, as shown here the first time. The influences of both the collecting electrode radius
and the width of the guard ring are reflecting the deep radial penetration of the electron transport
processes into the gas-filled cavities and the need for appropriate corrections of the chamber reading.
New values for these corrections have been established in two forms, one converting the indicated
value into the absorbed dose to water in the front plane of the chamber, the other converting it
into the absorbed dose to water at the depth of the effective point of measurement of the chamber.
In the Appendix, the in–out imbalance of electron transport across the lateral cavity boundary is
demonstrated in the approximation of classical small-angle multiple scattering theory.
Conclusions: The in–out electron transport imbalance at the lateral boundaries of parallel-plate
chambers in electron beams has been studied with Monte Carlo simulation over a range of depth
in water, and new correction factors, covering all depths and implementing the effective point of
measurement concept, have been developed. C 2014 American Association of Physicists in Medicine.
[http://dx.doi.org/10.1118/1.4897389]
Key words: Monte Carlo simulations, electron dosimetry, parallel-plate chambers, perturbation
corrections
111707-1

Med. Phys. 41 (11), November 2014

0094-2405/2014/41(11)/111707/13/$30.00 © 2014 Am. Assoc. Phys. Med.

111707-1

111707-2

Zink et al.: Spatial resolved Monte Carlo simulations in gas-filled cavities

1. INTRODUCTION
When a parallel-plate ionization chamber is placed in a water phantom exposed to an electron beam, the fluence of
primary and secondary electrons at points within the gasfilled volume of the chamber deviates from that at the corresponding points of the replaced volume of the phantom
material. This perturbation, compared to ideal Bragg–Gray
conditions, is due to the strong reduction of the energy losses
and multiple scattering of the electrons in the gas-filled cavity
compared with the energy losses and multiple scattering in
the same cavity if it were filled with the surrounding phantom
material. The result is a disturbance of the transport of electrons into and out of the cavity in comparison with a cavity
filled with the phantom material.
These physical effects have already been discussed in ICRU
Report 35.1 This report strongly influenced the common understanding of plane-parallel chambers’ behavior in electron
beams, and all present dosimetry protocols2–5 can be traced
back to the principles summarized in this report. Moreover,
the construction of modern parallel-plate ion chambers with
respect to the dimensions of the cavity and guard rings is based
on the recommendations given there.
Fig. 1, based on an experiment performed by Svensson,6
illustrates the physical characteristics of parallel-plate chambers according to ICRU Report 35. At the lateral boundary
surface between air cavity and water, the figure shows an
oscillation of the dose profile measured in the bottom plane
of the cavity, and across the collecting electrode C an approximately homogeneous dose profile is seen at all depths. This
oscillation, as theoretically explained by Harder,7 is due to
the fact that multiple scattering of electrons is negligible in

F. 1. Relative absorbed dose distribution in the GCG plane behind a 4 mm
thick coin-shaped air cavity with surface F at 0.5, 1.1, and 1.6 cm depth in
a polystyrene phantom when irradiated by a 6.3 MeV electron beam. The
vertical dashed lines indicate the separation between the charge collecting
electrode (C) and the adjacent guard ring (G) as well as the outer edge of
the guard ring. Note that the 20 mm diameter and the 4 mm thickness of
the chamber are here depicted on different scales. The film location for the
relative dose determination in the GCG plane, the bottom plane of the cavity,
is indicated by the horizontal dashed lines; the relative film dose profile at
each depth is indicated at the bottom of the figure (reprint of Fig. 4.2 from
ICRU Report 35 (Ref. 1) with permission).
Medical Physics, Vol. 41, No. 11, November 2014
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the air-filled cavity while unreduced multiple scattering occurs within the adjacent water. Thereby more electrons are
scattered into than out of the cavity, and the short hand term
“inscattering effect” has been coined to describe this positive
balance of the inbound and outbound electron transport.
To make the chamber signal insensitive to the in–out electron transport imbalance, modern parallel-plate chambers are
equipped with a wide guard ring, thereby attempting to keep
the region of fluence perturbation at a safe distance from the
collecting volume. According to the recommendations of the
IAEA TRS-398 dosimetry protocol,2 the guard ring width
should not be smaller than 1.5 times the cavity height, and
a chamber design satisfying this requirement is considered
“well-guarded.” Based on these considerations, all present
dosimetry protocols recommend to use for electron dosimetry well-guarded parallel-plate ion chambers, and for these
chambers the perturbation correction for the inscattering effect, pcav [IAEA TRS-398 (Ref. 2)] and pfl [AAPM TG-51
(Ref. 3)], is assumed to be unity. For chambers only equipped
with narrow guard rings like the PTW-Markus chamber, a
notable perturbation of the signal by the inscattering effect
exists, and the necessary correction factor has been studied
experimentally8,9 and by Monte Carlo simulation.10,11 In the
experimental study performed by Van der Plaetsen et al.9 the
correct value of the chamber signal was assumed to be supplied by a chamber with an “ideal” guard ring, and accordingly, the TRS-398 protocol as well as the German standard DIN 6800-2 (2008) (Ref. 5) give a fluence perturbation correction pcav for the Markus chamber for the reference
depth zref as function of the beam quality specifier R50
(pcav) R 50 = 1 − 0.037 · e−0.27·R 50.

(1)

The relevant experiments summarized in IAEA TRS-381
(Ref. 12) were all performed at the depth of the dose maximum,
and the mean electron energies at these depths varied from 3.0
to 20 MeV.
However, it has been discussed that the rule according to
which the guard ring width should not be smaller than 1.5
times the cavity height might be insufficient to completely
avoid the inscattering effect, since for a fraction of the electrons, increasing with depth, the directions of flight form
rather large angles with the original beam direction.10 Moreover with increasing depth, energy loss and multiple scattering of the electrons are accompanied by a third effect,
the reduction of the electron fluence due to range straggling
of the electrons, which has an additional influence on the
in–out balance of the electron fluence at the lateral boundary surface of the cavity. Actually, we have to consider three
typical depth regions, namely, (a) shallow depths where the
fluence of electrons in the region lateral from the cavity increases with increasing depth due to multiple electron scattering [Fig. 2(a)], (b) the region of the depth-dose maximum
where the fluence in the lateral region shows little change
with depth [Fig. 2(b)], and (c) the region of large depths
where the fluence in the lateral region falls with increasing
depth due to range straggling [Fig. 2(c)]. Evidently, these effects will affect the in–out balance of the electron fluence at
the lateral cavity boundary. Thus, we arrive at the insight that
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(a)
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(b)

(c)
F. 2. Monte Carlo simulation of the penetration of a divergent electron beam with energy E 0 = 6 MeV into a water phantom containing an embedded cavity
(filled with water of density 1.293 mg/cm3) of 0.4 cm thickness and 2 cm radius with its front face at 5, 14, and 26 mm depth. For the Monte Carlo simulations,
the cavity was divided into slices of 1 mm height. The curves show the transverse profiles of the absorbed dose to water within the four cavity slices (a) at a
shallow depth, (b) near the depth-dose maximum and, (c) near the half-value depth R 50. The oscillations of the profiles near the lateral cavity boundary, most
expressed at the bottom of the cavity, are largest at shallow depth but mostly disappear at large depth, where they are replaced by S-shaped curve wings. The
statistical uncertainty of the Monte Carlo results is smaller than the symbol width.

the experiments by Van der Plaetsen et al.,9 performed under
the conditions typical for the dose maximum, do not exactly
represent the conditions of shallow and large depths where
the depth-dependent fluence or dose gradient in the phantom
material is positive or negative. Moreover, this raises the
issue that the cavity correction factor stated in recent protocols to hold at d ref was regarded as equal to the correction
experimentally determined at d max; this may become a significant effect for 18 MeV electrons and higher energies where
d ref is in the falling portion of the depth-dose curve.
The consequence of these considerations is to acknowledge the need for a depth-dependent correction of the indicated value of the chamber which also accounts for the impact
of these fluence gradients upon the in–out imbalance of the
electron fluence at the lateral cavity boundary. In order to
develop this correction, we will use spatially resolved Monte
Carlo simulations inside the air gap of parallel-plate ionization chambers to analyze the magnitude of the fluence perturbations. On this basis, we will develop a new depth-dependent
cavity correction factor for the signals of parallel-plate chambers in clinical electron beams. An alternative way to account
for these fluence perturbations is a shift of the effective point
Medical Physics, Vol. 41, No. 11, November 2014

of measurement (EPOM) as already proposed and experimentally verified by Roos et al.13 The influence of an EPOM shift
is also investigated here by spatially resolved Monte Carlo
simulations of the dose distribution in gas-filled cavities.
The main purpose of this study has not particularly been
to provide an updated cavity correction for the Markus chamber, today a still respectable, but already historical design of
a parallel-plate chamber for electron dosimetry. Rather, the
central aim has been to investigate the surprisingly large but
not well known influence of the wide angular distribution and
of range straggling of the electron beam at depths beyond the
dose maximum upon the fluence imbalance at the boundary
surface of a flat, gas-filled cavity in general. Insofar, the present study is a continuation of our previous work about the
perturbation corrections of parallel-plate chambers.14,15 The
results will be applicable not only to the Markus chamber but
also to the more recent designs of flat ionization chambers for
electron beam dosimetry such as the Roos, Exradin A10, and
the Advanced Markus chamber. Similarly to the experimental
study performed by Johansson,8 we only consider wall-less
cavities, i.e., the impact of the chamber wall always present
in real ionization chambers will not be investigated.
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2. METHODS
The Monte Carlo simulations were performed with the
code system EGSnrc16,17 (release V4 2.4.0) applying the user
code egs-chamber18 (release 1.21). All geometries were
modeled with the egs++ geometry package.19 To investigate the inscattering effect of gas-filled cavities, Monte Carlo
calculations were performed for coin-shaped cavities with
radius a placed in a water phantom with their entrance plane
at depth z. The cavity height ξ = 0.2 cm was chosen comparable to the heights of commercially available parallel-plate
chambers used for clinical electron dosimetry. In order to
provide spatial dose resolution within the gas-filled cavity
and the surrounding water, the cavity itself and also the
surrounding water layer were subdivided in cylindrical scoring zones with variable radius r [see Fig. 3(f)]. The dose was
scored within these zones, and for a zone extending from r
to r + ∆r, the resulting dose D(r) was understood as the mean
value over cavity height ξ and zone width ∆r. Depending on
r, the value ∆r varied between 0.01 and 0.1 cm, resulting in
13 cylindrical zones for the smallest cavity with a = 0.3 cm
and 28 for a cavity with a = 1.3 cm.
In order to avoid the calculation of stopping power ratios s∆w,gas, all spatially resolved doses for radii r inside the
cavity were understood as absorbed doses Dcav(r) to “lowdensity water” (LDW), i.e., water with the density of air
but with a density correction corresponding to normal density water, and all doses for radii r outside the cavity were
absorbed doses to water, D w (r). Wang and Rogers20 have
shown that for electron energies below 30 keV there is only
a small fluence perturbation due to material differences between air and low-density water. From the surface to the
depth R50, this perturbation results in a small depth dependence of the ratio DLDW/ Da s∆w,a of less than 0.2%. For
spatially resolved calculations, we have as well proved in
a preliminary study that within statistical uncertainty limits
of 0.2%, the spatially resolved dose distributions were the

F. 3. (a)–(e) Simulation geometries: the cavity filled with low-density
water (white) is surrounded by water (gray). The thick black lines symbolize
thin slabs of water (∆z = 0.0001 cm) with cutoff energy ECUT > E 0 (E 0:
energy of primary electrons). (f) Top view of the simulation geometry. To get
spatial information about the dose deposition, the cavity and the surrounding
slab of water is divided into cylindrical scoring zones of width ∆r varying
from 0.01 to 0.1 cm.
Medical Physics, Vol. 41, No. 11, November 2014
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same for air or LDW filling when the former were multiplied
by the mass stopping power ratios. The small depth dependencies due to the material differences mentioned above are
neglected here. Total perturbation correction factors p for
gas-filled cavities at depth z were calculated as the ratio
pcav =

D w (z)
D cav

,

(2)

where D w (z) is the dose to water and D cav is the average of
Dcav(r) over the whole cavity (within the radial region of the
collecting electrode) with the cavity’s entrance plane positioned at depth z. The impact of a guard ring on the cavity
dose D cav and therefore on pcav can be calculated from the
spatially resolved dose calculations by integrating the dose
not over the whole cavity radius 0 ≤ r ≤ a but over the interval 0 ≤ r ≤ rC , where rC is the radius of that part of the electric field which causes ion charge collection upon the central
electrode. For brevity, rC will be denoted as the “collection
electrode radius,” and a −rC as the “guard ring width.”
For all dose calculations, a divergent electron beam was
incident on a cubic water phantom (30 × 30 × 30 cm3), the field
size was 10 × 10 cm2 at the source-to-surface distance 100 cm.
Since scattering effects are largest for low electron energies,
all calculations were performed with a spectrum of a clinical
linear accelerator of nominal energy 6 MeV [Varian Clinac
(Ref. 21)] whose 50% range was R50 = 2.63 cm and whose
reference depth was zref = 1.48 cm. To calculate the perturbation corrections pcav according to Eq. (2), the highly resolved
depth-dose curve in water was calculated within cylindrical
water voxels with radius r = 0.5 cm and height h = 0.002 cm.
In preliminary simulations, the influence of different cutoff/threshold energies upon the photon and electron transport
was investigated. The impact of decreasing the cutoff energy
from 10 keV for photons and 521 keV for electrons to 1
and 512 keV was <0.1% for the spatially resolved simulations, but the simulation times were increased by a factor of
4. Therefore, it was decided to perform all simulations with
cutoff/threshold energies of 10 keV for photons and 521 keV
for electrons. Except the bremsstrahlung cross section data
[NIST instead of Bethe–Heitler bremsstrahlung cross sections (Ref. 17)] all transport options within the EGSnrc system were set to their defaults.
In order to determine the in–out imbalance of electron
transport between the cavity and the surrounding water due
to differences in scattering and range straggling, the different
geometries shown in Fig. 3 were realized. Geometry (a) is the
simplest one, where the cavity is placed in the water phantom
at depth z, irradiated with a clinical electron spectrum of
primary energy E0. The radius a of the cavity was varied
in the range from 0.3 cm, complying with the radius of the
Markus chamber, to 1.3 cm, close to the radius of the Roos
chamber. The height of all cavities was 0.2 cm. In geometry
(b), a very thin slab of water (∆z = 0.0001 cm) in front of
the cavity was introduced with the cutoff energy for electron
transport, ECUT, set larger than the primary electron energy
E0, so that all electrons bound to enter the cavity directly
through the front surface were stopped in front of the cavity.
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In this geometry, the electrons could only enter the cavity
via the side or rear surface. In geometry (c), an additional
ECUT > E0 region was placed behind the cavity. In that case
no electron can enter the cavity through the rear surface, and
also all electrons coming in through the lateral surface and
being backscattered at the rear surface are missing. In geometry (d), an ECUT > E0 region was introduced at depth z for
all radii outside the cavity so that no electron from the outside
region can reach the cavity through the lateral or rear surfaces. Geometry (e) is the same as in (d) but with an ECUT
region placed at the rear surface to prevent any backscattering
from the material behind the cavity.
3. RESULTS
3.A. Depth dependence of the electron fluence
perturbation at the gas–water boundary

The electron transport phenomena occurring at the gas–
water boundary of a parallel-plate ionization chamber, obtained by Monte Carlo simulation of the geometries defined
in Fig. 3, are illustrated in Fig. 4. The simulations were performed for a cavity of radius a = 0.3 cm and height 0.2 cm
filled with LDW and placed at depth 0.5 cm within the water
phantom, i.e., in the dose buildup region of an electron beam
with E0 = 6 MeV.
The dose profile (a) corresponds to the real geometry, with
no ECUT > E0 regions present. The oscillation of the transverse profile, already mentioned in the Introduction, is visible
at the gas–water boundary surface, and its origin will be explained below. When a thin slab of water with ECUT > E0 is
introduced in front of the entrance surface, the resulting profile
(b) represents the dose within the cavity due to electrons entering it through the lateral or the rear boundary surfaces (“inscattered” electrons). With an additional ECUT region behind
the cavity, the dose profile (c) is obtained whose values are
slightly smaller than those in geometry (b) because electrons
now cannot enter the cavity from the rear, and electrons coming from the side and backscattered at the rear boundary surface are missing. In geometries (d) and (e), the region with
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ECUT > E0 covers the whole field except the front surface of
the cavity. The dose profile outside the cavity is now due to
electrons that have entered the cavity through the front surface, leaving it mainly through the lateral boundary surface
(“outscattered” electrons). In profile (d), the doses within the
cavity are somewhat larger compared to profile (e) because (d)
contains electrons backscattered at the rear surface.
At first sight, one would expect that the addition of dose
profiles (b) and (d) should result in profile (a). However, as
shown in Fig. 4, the sum of these two profiles within the cavity
is about 1.5% smaller than profile (a) in the real geometry. This
difference can be explained by the lack of backscattering of
the inscattered electrons from the front surface of the cavity in
geometry (b). Thus, the two essential components of the total
dose profile are on the one hand the profile (d), exclusively due
to electrons that have entered the gas from the cavity’s front
side and may also be backscattered at its rear surface, and on
the other hand the contributions (a)–(d) by all other electrons.
Figure 5 shows the result of this component analysis for
several depths z. The predominant feature of (A) and (B) is the
surprisingly large effect of electron transport across the lateral
gas–water interface and its deep penetration toward the center
of the cavity. Without the influence of this transport, i.e., for an
infinitely large radius of the cavity, the ratio Dcav(r)/D w (z) in
Fig. 5(A) would have the value 1.00 since in the almost complete absence of scattering and energy losses in the low-density
water gas, the dose Dcav(r) would equal D w (z), the dose to water in the entrance plane of the cavity. However for a real cavity
radius, the “outscattering,” or outbound electron transport, results in a considerable dose reduction even at the center of a
cavity with 0.3 cm radius. At depth z = 0.5 cm, the extrapolated
dose at the center of the cavity is reduced to Dcav/D w = 0.88, at
depth z = 2.6 cm even to the value Dcav/D w = 0.65. Figure 5(B)
shows the effect of “inscattering,” or inbound electron transport, which produces considerable dose values at the center
of the cavity, namely, Dcav/D w = 0.14 at depth z = 0.5 cm and
Dcav/D w = 0.30 at depth z = 2.6 cm. This obvious imbalance
between inbound and outbound electron transport is caused by
the difference between the almost complete absence of electron interaction events within the gas layer, in contrast to the

F. 4. Monte Carlo results for the simulation geometries defined in Fig. 3. The radius a of the cavity filled with low density water is 0.3 cm. The cavity and the
surrounding slab of water is divided into cylindrical sections of width ∆r . Each data point corresponds to the dose within one section. The statistical uncertainty
of the Monte Carlo results corresponds to the symbol width. The dose D w (z) was calculated at the depth z of the cavity’s reference point, i.e., the depth of the
entrance window. In the right panel, the y-axis is expanded to make the dose oscillations at the gas–water boundary visible.
Medical Physics, Vol. 41, No. 11, November 2014
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(A)
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(B)

(C)
F. 5. Spatially resolved Monte Carlo simulations of the dose profiles within the LDW-filled cavity and the adjacent water at different depths z in water. The
geometries are labeled according to Fig. 3. The radius a = 0.3 cm of the cavity is marked by the dotted line. The statistical uncertainty of the Monte Carlo
results corresponds to symbol width. The dose D w (z) was calculated at the depth of the entrance window.

ongoing electron interactions in the bulk of water laterally
from the cavity. The term “interactions” here refers to elastic
scattering including backscattering, as well as energy losses,
the production of secondary electrons, and even the appearance of track ends of the electrons, an important feature of the
electron field in the falling region of the depth-dose curve.
This identification of the underlying physical effect as the
inbound–outbound imbalance of electron transport across the
lateral cavity boundary is the key to understand the values
of the ratio Dcav(r)/D w (z) resulting in the real geometry and
thereby the perturbation of the dose in the cavity compared
to D w (z). Figure 5(C) shows the values of Dcav(r)/D w (z) resulting in geometry (a), with values >1.00 associated with
an overshoot, and values <1.00 typical for an undershoot of
the inbound electron transport. The deviations of these sum
values from the ideal value 1.00 are the systematic differences between the dose in a cylindrical cavity and that in water and have to be compensated by appropriate corrections. In
particular, the top profile in Fig. 5(C) shows that in the case
of an overshoot of inscattering, the superposition of the dose
profiles of types (d) and (a)–(d) is leading to the oscillation
of the resulting sum dose profile near the boundary, since the
penumbra wings of the component profiles (d) and (a)–(d) are
not precisely symmetrically shaped. (See also the Appendix
where this asymmetry is illustrated by means of small-angle
multiple scattering theory.)
Medical Physics, Vol. 41, No. 11, November 2014

3.B. The influence of the cavity radius and the concept
of a guard ring

As a consequence of the physical situation illustrated in
Figs. 4 and 5, the inbound–outbound imbalance of electron transport between the cavity of a parallel-plate ionization chamber and its surrounding water medium especially
influences the Dcav(r)/D w (z) ratio near the lateral gas–water
boundary. The Dcav(r)/D w (z) ratio was therefore studied for
various cavity radii from a = 0.3 to 1.3 cm. The left panel of
Fig. 6 shows that the dose oscillation typical for the shallow
depth z = 0.5 cm, so far obtained for cavity radius a = 0.3 cm
(Fig. 5), regularly appears close to the cavity boundary whatever the cavity radius is. Its shape is always similar; there
is merely a slight difference in the dose level reached in the
region internal from the boundary, indicating a larger average
inscattered dose in case of the smaller cavity radius. In analogy, the right panel of Fig. 6 shows that the “shoulder,”
typical for the dose profile at the large depth z = 2.6 cm and
already known from Fig. 5 for the cavity radius a = 0.3 cm,
regularly appears with its steepest point at the cavity boundary whatever the cavity radius is. Again here, the levels of
the dose reached in the region internal from the boundary
are slightly different, indicating a larger average outscattered
dose in the case of the smaller cavity radius.
This obvious occurrence of the most inhomogeneous sections of the dose profiles near the gas–cavity boundary, clearly
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F. 6. Spatially resolved Monte Carlo simulations of the dose profiles within the LDW-filled cavity and the adjacent water at different depths z for different
cavity radii. The geometries are labeled according to Fig. 3. The error bars represent the statistical uncertainty for the Monte Carlo results of all cavity radii. The
vertical lines mark the cavity radius a. The dose D w (z) was calculated at the depth z of the cavity’s reference point, i.e., the depth of the entrance window.

visible in experiments as well (Fig. 1), has lead to the idea
of reducing the relative influence of these sections upon the
measured value of the parallel-plate chamber by increasing the
radius a of the chamber. In order to examine this idea, Fig. 7
shows the dose contributions by inscattered and outscattered
electrons expressed as fractions of D w (z), calculated for the
(d) and (a)–(d) profiles of Fig. 5 by integration over the interval 0 ≤ r ≤ a for chambers with a = 0.3 and 1.3 cm at five
different depths in the electron beam. As expected, the relative contributions of the inscattered and outscattered fractions
and also the differences between them strongly decrease with
increasing radius of the cavity.
Furthermore, Fig. 8 describes the variation of the extrapolated dose in the center of the cavity as a function of the cavity’s radius a for different depths z. The center dose Dcav(r = 0)
was approximately obtained as the mean dose of the cavity
within r ≤ 0.1 cm.With increasing radius and therefore with
decreasing influence of the inbound–outbound electron transport imbalance, the relative doses in the cavity center are
tending toward value 1.00, but even a radius of 2 cm is not

F. 7. Ratios of the dose due to in- and outscattered electrons and the dose
D w (z) for two different cavity radii a as a function of scaled depth z/R 50.
These dose fractions were calculated from spatially resolved Monte Carlo
simulations of geometry (d) and the dose profiles resulting from geometry
(a)–(d).
Medical Physics, Vol. 41, No. 11, November 2014

sufficient for the doses in the center to perfectly reach this
limit value. This tendency, owed to the deep radial penetration of the in- and outbound transport of electrons into
the gas-filled cavity, has been the reason for the choice of
a comparatively large collecting electrode radius, namely,
rC = 0.78 cm, for the Roos chamber.
The other idea to reduce the relative influence of the nearboundary sections of the disturbed dose profile upon the
measured value of a parallel-plate chamber is to use the
guard ring, originally devised in order to shape the electric field in the chamber, as a means of excluding from the
measured value any Dcav(r) contributions from r ≥ rC , where
a −rC is the guard ring width. The influence of a guard ring
has been analyzed in Fig. 9, where the ratio p = D w /D cav
has been plotted versus depth in water for E0 = 6 MeV for
a set of different guard ring widths. The most prominent
feature of Fig. 9 is the difference between the ordinate scales
of the two panels which are valid for a = 0.3 and 1.3 cm,

F. 8. Dose ratio Dcav(r = 0)/D w (z) for different cavity radii a at different
depths z. The extrapolated dose value Dcav(r = 0) was approximately obtained as the mean dose of the cavities within r ≤ 0.1 cm and is taken from
the spatially resolved simulations of geometry (a). The dose to water D w (z)
was calculated at the depth of the cavity’s entrance window. The statistical
uncertainties of the Monte Carlo based results are given by the error bars
(1σ).
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F. 9. Total correction factor p = D w /D cav as a function of scaled depth z/R 50 for two cavities with different guard ring widths and different cavity radii a.
The cavity dose D cav was determined from the spatially resolved Monte Carlo simulations by volume averaging over the collecting electrode radius r C . The
guard ring width (“guard”) was a − r C . The dose D w is calculated at the depth z of the front face of the cavity.

again indicating the already mentioned reduction of the fluence disturbance with increasing radius of the cavity as a
consequence of the concentration of the effect close to the
gas–water boundary.
The modification of D w (z)/D cav(r) associated with a variation of the guard ring width is shown by the calculated
points in Fig. 9. Narrow guard rings, in the left panel examined in combination with the small cavity radius r = 0.3 cm,
have little effect on the deviation of D cav(r) from D w (z),
whereas a guard ring width of 1.11 cm (right panel) can
significantly reduce this deviation. At the depth of the dose
maximum, i.e., at z = 1.4 cm or z/R50 = 0.53, a guard ring
of 0.5 cm width just happens to yield p = 1. With regard
to this non-negligible, but not dominating effect, the introduction of a guard ring, e.g., of width 0.4 cm as for the
Roos chamber, is not the instrument by which the influence of the inbound–outbound imbalance of electron transport upon the measured value of a parallel-plate chamber can
be completely eliminated. Rather, as shown in Fig. 8, the
cavity radius a is a more effective instrument to reduce the
deviation of the average dose to the gas from D w (z). This
is the consequence of the deep radial penetration of the inand outbound transport of electrons into the gas-filled cavity
mentioned above.
3.C. The effective point of measurement

In consideration of the strong influence of the in- and
outbound transport of electrons into the gas-filled cavity, and
therefore of the gradient of the electron fluence field in the
region laterally from the gas-filled cavity, upon the measured
reading of a parallel-plate ionization chamber in an electron
beam (Figs. 4, 5, 6, 8, and 9), one may question the underlying idea of regarding D cav(r) as the measurable quantity
representative of D w (z), the dose in the entrance plane of the
cavity. Rather, it is a plausible conjecture that D cav(r) might
be more closely linked with the dose D w (z + ∆z) at a slightly
larger depth z + ∆z because that dose would be subjected
to the influence of the gradient of the electron fluence field
in the lateral region as well. The depth z + ∆z would then
Medical Physics, Vol. 41, No. 11, November 2014

play the role of the “measuring depth” in the water phantom,
and a point of the chamber at downstream distance ∆z from
the entrance plane would appear as the “effective point of
measurement” of the chamber, to be placed at the measuring
depth. The effective point of measurement has been experimentally determined for the Markus chamber already by
Roos et al.13 and for the Markus chamber and the Roos chamber by Looe et al.23
This idea has been the origin of plotting in Fig. 10, the radial
profiles of ratio Dcav(r)/D w (z + ∆z) for two values of ∆z for a
cavity with a = 1.3 cm and thickness 0.2 cm at various water
depths in a 6 MeV electron beam. It is shown that the ratio
Dcav(r)/D w (z + ∆z) is noticeably modified dependent on the
choice of ∆z, and there may even exist an optimum value of ∆z,
where the mean value D cav(r)/D w (z + ∆z) achieves such small
depth dependence that this dependence could be neglected in
clinical practice.
The search for this optimum value of ∆z has been performed by comparing the ranges of the depth-dependent variation of p associated with various ∆z values. The result of
this search is plotted in Fig. 11 for cavities with a = 0.3 cm
and a = 1.3 cm and different guard ring widths. Accordingly,
the ratio p = D w (z + ∆z)/D cav(r) does not vary more than
±0.5% over all depths up to z = R50 = 2.63 cm, i.e., z/R50 = 1.
Figure 11 shows that there exists an EPOM which results
in a very similar depth dependence of the resulting perturbation correction p for every supposed guard ring width.
Thus, for the Markus chamber with its narrow guard ring of
0.035 cm width, the effective point of measurement would
lie at ∆z = 0.045 cm, which is in perfect agreement with
the Monte Carlo based value given by Wang and Rogers.22
Experimental investigations on the EPOM of the Markus
chamber were performed by Roos et al.13 and Looe et al.23
Regarding the uncertainties of these data, the results given
by Roos, ∆z = 0.05 cm, and Looe, ∆z = (0.04 ± 0.01) cm, are
also in good agreement with the EPOM shift suggested here.
For a = 0.3 cm, the only remaining correction would be to
multiply the measured values of D cav by 0.99 in order to
obtain D w (z + ∆z). On the other hand, for a chamber with
a = 1.3 cm and guard ring width 0.3 cm, the optimum would
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(B)

F. 10. Impact of a shifted point of measurement on the dose ratio Dcav(r )/D w (z + ∆z) within a gas-filled cavity. The cavity radius is a = 1.3 cm and the
cavity is filled with LDW. For the guardless cavity, the value ∆z = 0.02 cm is the optimal shift minimizing the depth dependence of Dcav(r )/D w (z + ∆z). Be
aware of the different ordinate scaling in the left and right panels.

lie at ∆z = 0.0155 cm as shown in Fig. 11(B). For the Roos
chamber with a = 1.2 cm and guard ring width of 0.4 cm
Wang and Rogers22 published a value ∆z = 0.018 cm. In our
previous publication considering the Roos chamber,14 a value
∆z in the same range was determined.
While this optimization of ∆z would provide a depthdependent variation of p that might be negligible in clinical practice, this approach does not prevent determinations
of the cavity correction factor p with the highest possible
accuracy, e.g., for z = zref (in this example 1.48 cm). In Fig.
11(A) and for guard ring width 0.035 cm, this would mean
p(zref ) = 0.987 ± 0.001. In Fig. 11(B) and for guard ring width
0.3 cm the result would be p(zref ) = 0.999 ± 0.001.
4. DISCUSSION
4.A. Comparison with earlier results

The well-known picture from ICRU Report 35,1 Svensson’s film-dosimetric demonstration of the oscillations of the
dose profile of a 6 MeV electron beam near the gas–medium
boundary shown here as Fig. 1, has raised concerns because

(A)

in our calculation such oscillations were obtained at 0.5 cm
depth but not at 1.4 cm depth (compare Figs. 4, 5, and 6).
However, the conditions were somewhat different as we have
here treated a cavity of 2 mm height, whereas Svensson’s
dose values were obtained at the bottom of a 4 mm height
cavity. Thus, his conditions are more closely simulated in
Fig. 2 of our paper, where the oscillations have been reproduced at the bottom of a 4 mm high cavity even at 1.4 cm
depth .
Depth-dependent measurements of the deviation of the
D cav values from D w (z) have been performed by Laub et al.24
for a Markus chamber in a 10 MeV electron beam by comparison with a diamond detector. Although their experimental
deviation varied only from −2% to +3%, the calculated variation of the deviation from −2% to +7% for 6 MeV in
Fig. 9 is consistent with the experimental result considering
the difference in electron beam energy and of the additional
uncertainty introduced by using the diamond detector as the
reference.
Depth-dependent Monte Carlo calculations of the perturbation correction p at electron energies up to 6 MeV have

(B)

F. 11. Total correction factor p = D w /D cav as a function of scaled depth z/R 50 for two cavities for different guard ring widths. The cavity dose D cav was
determined from the spatial resolved Monte Carlo simulations by volume averaging over the collecting radius r C (see Fig. 10). In contrast to Fig. 9, the cavity
dose is not scaled to the dose D w at the cavity’s front but to the dose D w in the EPOM. ∆z describes the position of the EPOM relative to the cavity’s reference
point. ∆z > 0 denotes a shift in downstream direction.
Medical Physics, Vol. 41, No. 11, November 2014
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been performed by Lauterbach25 who found that the magnitude of the necessary correction is most effectively reduced
by restricting the height of the cavity. The development of the
Advanced Markus chamber was based on this investigation.
The message for the construction of guard rings to be
derived from Fig. 9 is that for a cavity of 0.2 cm height and
radius a = 1.3 cm, a guard ring width of at least 0.8 cm is
required in order to completely eliminate the effect of the
in–out electron transport imbalance on the measured value
of Dcav at the reference depth zref . The same result has been
obtained experimentally at 6 MeV by Roos et al., as reported
in IAEA TRS-381.12 Thus, the guard ring width of 0.4 cm
chosen in the commercially available Roos chamber (PTW)
is a practical solution in which a small deviation from the
ideal by about 0.2% is accepted. These numbers are all valid
for the reference depth.
The impact of an EPOM shift on the resulting perturbation correction p for a Markus-like cavity (cavity radius
a = 0.3 cm, guard width 0.035 cm) was already investigated
by Wang and Rogers.10 Their Monte Carlo results, showing
that the depth dependence of p could be minimized by an
EPOM shift of 0.045 cm, are in excellent agreement with our
results. The data from Wang and Rogers have been included
in Fig. 11(A). It should be noted that Wang and Rogers
scored the dose within the whole active volume of the cavity
whereas our data for the perturbation correction p are calculated from the spatially resolved simulations by integrating
the dose value D(r) over the radius r of the active volume,
i.e., 0 ≤ r ≤ r G . The good agreement of both data sets can be
taken as a validation of our spatially resolved dose calculations.
In summary, all available comparisons with other results
have shown consistence of our Monte Carlo values with the
previous experimental and computational insight into the
causes affecting the measured values of quantity D cav(r) for
parallel-plate ionization chambers in electron beams. Particularly, the oscillations of the dose profile at shallow depths, the
incomplete effect of too narrow guard rings and the turn of the
sign of the ratio from about −2% at shallow depths into several
percent with positive sign at the larger depths, the consequence
of the turn from an overshooting to an undershooting in–out
imbalance of the electron transport at the lateral cavity boundary (see Fig. 5), are consistent results.
4.B. Recommended corrections

The cavity correction to be applied to the measured values
of D cav(r) for Markus chambers at 6 MeV can therefore be
directly obtained from the present Monte Carlo results and
will be denoted by pMC. One possibility is pMC = D w (z)/D cav,
i.e., to convert the measured value of the chamber into the dose
at the depth of the entrance plane of the cavity. These values
taken from Fig. 9 are replotted in Fig. 12. Their disadvantage
is their considerable depth dependence. The other possibility
MC
is p∆z=0.045
cm = D w (z + ∆z)/D cav for ∆z = 0.045 cm, i.e. to
convert the measured value of the chamber into the dose at the
effective point of measurement of the chamber, whose values,
taken from Fig. 11, have been replotted in Fig. 12. Evidently,
Medical Physics, Vol. 41, No. 11, November 2014

111707-10

F. 12. Perturbation correction p cav = D w /D cav for a Markus-like cavity
with radius a = 0.3 cm in a 6 MeV electron beam as a function of the scaled
depth z/R 50. The open circles are the results from the Monte Carlo simulations with ∆z = 0 cm, the filled squares those for a shift ∆z = 0.045 cm. The
data point at z/R 50 ≈ 0.55 and the dashed-dotted line are the p cav-values
according to IAEA TRS-398 (Ref. 2) and DIN 6800-2 (Ref. 5).
MC
the correction factor p∆z=0.045
cm can in practice be regarded
as a constant value of 0.990 ± 0.005, which would mean a
considerable advantage for practical applications.
These new possibilities for the depth-dependent correction of the indicated values D cav of plane-parallel ionization chambers applied in electron beam dosimetry have to
be compared with the previous recommendations. Perturbation correction factors experimentally determined by various
groups for a set of flat ionization chambers, all obtained at the
depth of the dose maximum and for mean electron energies
at this depth from 3 to 20 MeV, have been collected in IAEA
TRS-381.12 Somewhat later, in IAEA TRS-398,2 the same
data for the Markus chamber, now recast to be valid for the
reference depth zref , were represented by the fitting formula
for the perturbation correction factor,

(pMarkus) R 50 = 1 − 0.037 · e−0.27·R 50 R50 ≥ 2 g/cm2 , (3)

where R50 characterizes the incident electron beam. For our
6 MeV electron beam with R50 = 2.63 cm in water, this formula gives the diamond point in Fig. 12, whose consistence
with the present Monte Carlo calculations is within 0.2%.
However, IAEA TRS-398 does not recommend perturbation
corrections for other depths.
The German standard DIN 6800-2 (Ref. 5) still uses the
form of the perturbation correction
(pMarkus) R 50 = 1 − 0.039 · e−0.2816·E z ,

(4)

originally recommended in IAEA TRS-381, which for the
reference depth again yields the value indicated by the diamond symbol in Fig. 12. However, DIN 6800-2 also makes a
first attempt to recommend a perturbation correction for other
depths by again recasting this formula, always assuming that
the in–out electron transport imbalance is the same as in the
reference depth. This has led to a lengthy formula not reproduced here but plotted as the dashed-dotted line in Fig. 12.
It is evident that this approach now needs to be corrected
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in consideration of the increased knowledge about the depth
dependence of the in–out electron transport imbalance, as we
have shown above.
For the more recent chamber designs such as the Roos,
Exradin A10, and Advanced Markus chambers the very small
depth dependence of p associated with the optimum choice
of ∆z as shown in Fig. 11(B) warrants to neglect this depth
dependence in clinical practice.
5. CONCLUSION
When an ionization chamber is placed in a water phantom
and exposed to an electron beam, the fluence of primary and
secondary electrons at points within the gas-filled volume of
the chamber deviates from that at the corresponding points
of the replaced volume of the phantom material. For a planeparallel ionization chamber, this fluence perturbation is due
to the imbalance of the in- and outbound electron transport across the gas–water boundary surface. In the present
investigation, these transport phenomena have been studied
by means of a spatially resolved Monte Carlo simulation,
which particularly illustrated the deep radially directed penetration of the fluence perturbance into the gas volume and
demonstrated the depth dependence of this perturbance. The
study of the effects of constructional countermeasures such
as increased widths of central collecting electrodes and guard
rings showed that some corrections of the indicated values
for parallel-plate chambers introduced into clinical practice
are still needed. These corrections have been numerically
derived for Markus- and Roos-type cavities when applied in
a 6 MeV electron beam (Fig. 11). Besides, the traditional
correction which converts the indicated value of the chamber
into the absorbed dose to water in the entrance plane of the
chamber, a correction involving a strong depth dependence,
an alternative correction with almost negligible depth dependence is now proposed, based on the idea to convert the indicated value into the absorbed dose to water at the depth of
the effective point of measurement of the chamber. Compared
with the presently standardized perturbation corrections for
plane-parallel ionization chambers, no changes at the reference depths are required, but the depth-dependent correction factor originally proposed in the German standard DIN
6800-2 (Ref. 5) needs to be revised.
APPENDIX: MATHEMATICAL MODEL OF THE
ELECTRON TRANSPORT IMBALANCE AT THE
LATERAL BOUNDARY OF A FLAT, GAS-FILLED
CAVITY IN WATER IN TERMS OF MULTIPLE
SCATTERING THEORY
A mathematical model describing the transport of electrons into and out of a flat, gas-filled cavity and the adjacent
water medium, based on the Fermi–Eyges multiple scattering
theory26 as summarized in ICRU Report 35,1 will be briefly
described here. Although the small-angle multiple scattering
theory is a mathematical instrument correctly applicable only
at shallow depths in an electron beam, it is illustrative for a
Medical Physics, Vol. 41, No. 11, November 2014

111707-11

F. 13. Geometrical outline of the physical model of electron scattering
within and at the lateral boundary surface of a gas-filled cavity in water. (a)
Pencil beam originating from the front plane of the gas-filled volume and
(b) pencil beam originating from the same plane, but outside the gas-filled
volume. See text for more details.

qualitative discussion of the origin of the fluence disturbance
at the lateral boundary of a flat, gas-filled cavity.
The geometrical layout is described in Fig. 13. A water
phantom is exposed to a wide parallel beam of high energy electrons. A cavity filled with gas (low-density water)
of thickness ξ and width 2a, thought to be infinitely long
in the direction perpendicular to the drawing plane in order
to provide a 1D problem, is positioned in the phantom with
its front surface at depth z. The scoring plane at which the
lateral profile of the electron fluence will be considered is the
bottom plane of the cavity at depth z + ξ.
At depth z, the electron beam is thought to have a uniform
fluence profile along the x-axis. The directional distribution
of the fluence of the electrons at the depth of the cavity’s
front plane is characterized by Θ2 (z), the mean square of the
polar angle Θ at depth z. For low Z materials, it is sufficient
to consider that Θ2 (z) increases with z in an almost linear
fashion up to a depth of about 50% of the practical range.1
To calculate the profile of the electron fluence along the
x-axis, including the lateral boundaries at x = ±a, the electron beam is subdivided into pencil beams starting at the front
plane of the cavity. Their initial widths shall be zero, but their
initial directional distribution shall be Gaussian, with mean
square angle Θ2 (z). In the description of the further passage
of the electrons toward the bottom plane at depth z + ξ, the
well-known approximations valid for multiple scattering of
electrons in thin layers of matter as described in ICRU Report
35 (Ref. 1) can be applied. Thus, for pencil beams originating
from the front surface of the gas-filled volume and passing
merely through the gas filling, i.e., with negligible multiple
scattering, the mean square lateral displacement at the bottom
plane z + ξ will be1
σg2 = Θ2 (z)ξ 2.

(A1)

By contrast, for a pencil beam originating from the same
plane, but outside the gas-filled volume, the mean square
lateral displacement will be1
 ξ
σ 2w = Θ2 (z)ξ 2 +
T (u)(ξ −u)2du
0

1
= Θ2 (z)ξ 2 + T (z)ξ 3,
3

(A2)

where T (u) is the linear scattering power of water valid for
the energy spectrum of the electrons at depth u; it is here
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assumed to maintain the constant value T over the depth interval of the cavity. Note that σg2 and σ 2w are mean square
lateral displacements in the x, y direction.
The fluence profiles resulting in plane z + ξ due to the transmission of all pencil beams through the gas-filled volume, respectively, through the adjacent layer of water can be described
by convolutions of the pencil beams with rectangular functions corresponding to the partial beams hitting the cavity and
the adjacent water, respectively. The convolution of a rectangular function with a Gaussian kernel yields the error function,
so that the resulting 1D lateral fluence profile and, neglecting
changes of the stopping power ratio, absorbed dose to water
profile in the x direction valid for plane z + ξ can be written as1


*. x − a +/
*. x + a +/
D(x,z + ξ) 1 
= er f .  / − er f .  /
D(z)
2
2
2 

, σg -
, σg 
+/
*. x − a +/
/ − er f . 
/ . (A3)
2
σ
w -
,

The first term in Eq. (A3) describes the dose contribution
by the electrons having passed the gas layer, and the other
two terms describe the contribution by the electrons having
passed the water layer lateral from the gas layer, i.e., having missed a water layer of width 2a. Equation (A3) can be
generalized by considering that the depth gradient of the dose
in the water layer lateral from the gas layer due to multiple
scattering and range straggling might be non-negligible, so
that it will then take the more general form


*. x − a +/
*. x + a +/
D(x,z + ξ) 1 
= er f .  / − er f .  /
D(z)
2
2
2 

, σg -
, σg 
* x+a
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+1 − er f .. 
2
2

, σw
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A 
+ A− er f .. 
2
2

, σw

+/
* x−a
/ − er f .. 
2
, σw


+/
/ ,
-

(A4)
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where A > 1 would be valid in the dose buildup region, i.e., at
depths of the chamber front plane more shallow than that of
the dose maximum, and A < 1 in the dose falloff region where
range straggling prevails in the water medium lateral from the
cavity. The mean square lateral displacements σg2 and σ 2w are
available from Eqs. (A1) and (A2).
It is immediately clear from considering Eq. (A4) that the
first and the third term are similarly structured but with their
denominators containing the slightly different parameters σg2
and σ 2w . Thus, the superposition of their lateral curve wings
is expected to show a local oscillation. To give an example
basically related to the Monte Carlo results shown in Fig. 2,
we have numerically evaluated Eq. (A4) for 6 MeV electrons
and a cavity with a = 2.0 cm and ξ = 0.4 cm, for the three
cases
(a) z = 5 mm, σg = 0.117 cm, σ w = 0.141 cm, A = 1.06
(i.e., in the buildup region),
(b) z = 14 mm, σg = 0.195 cm, σ w = 0.222 cm, A = 0.965
(i.e., near the dose maximum),
(c) z = 26 mm, σg = 0.265 cm, σ w = 0.346 cm, A = 0.50
(i.e., in the falloff region),
using the electron scattering power data of water at 4.5, 2.9,
and 1.2 MeV from ICRU 35.1
As shown in Fig. 14, basically similar dose profiles have
been obtained as in Figs. 1 and 2. This comprises the dose
oscillation occurring (a) at small depths and (b) in the depth
region of the dose maximum, as well as (c) the monotonous
transition of the dose from its value in the cavity to that in
the surrounding medium occurring in the falloff region of the
depth-dose curve. This monotonous decrease tends toward a
low asymptotic value, already coined by the range straggling
which prevails in the surrounding water medium.
Admittedly, this annex uses the small-angle multiple scattering theory strictly applicable only at shallow depths, but it
may serve to illustrate that the dose oscillation near the cavity’s
lateral boundary is simply the consequence of the superposition

F. 14. Application of Eq. (A4) for a cavity of width a = 2 cm and height ξ = 0.4 cm for different depths z. The plotted radial dose profiles are valid for the
bottom plane of the cavity, corresponding to slice 4 in Fig. 2. The model parameters σ g, σ w , and A are given in the text.
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of the dose profiles of the electrons which have only traversed
the gas-filled cavity and of those electrons which in the front
surface plane of the cavity started with the same initial conditions but were slowed down and scattered in the surrounding
water medium.
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