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STRESZCZENIE

Prezentowana rozprawa doktorska stanowi cykl artykutow naukowych, w ktorych
analizowano wplyw materialow nieorganicznych o réznych gestosciach na obrazowanie
medyczne oraz poprawno$¢ obliczen rozkladéw dawki w procesie radioterapii.
Analizowany problem wynika przede wszystkim ze zwigkszajacej si¢ liczby pacjentow
posiadajacych metalowe elementy w swoim ciele, ktore znacznie wplywaja na proces
leczenia radioterapeutycznego. Obecnos¢ metalowych elementoéw ze wzgledu na ich duza
gestos¢ zaburza obraz tomografii komputerowej pacjenta, ktory jest niezbedny w celu
okreslenia obszaru napromienianego oraz narzadoéw krytycznych. Ze wzgledu na bardzo
duza absorpcje promieniowania jonizujacego oraz dodatkowe rozproszenie w obrazie
tomografii komputerowej pojawiaja si¢ zaburzenia nazywane artefaktami. Pojawiajace
si¢ artefakty od metalowych elementéw w skrajnych sytuacjach uniemozliwiaja nie tylko
zdefiniowanie zmiany nowotworowej, ale takze wplywaja na rozktady liczonych dawek.
Wplywa to na mozliwo$¢ pojawienia si¢ niedoktadno$ci zarowno anatomicznych jak 1
dozymetrycznych podczas realizacji planu leczenia na aparacie terapeutycznym.

W ramach przeprowadzonych badan, w pierwszej pracy, zweryfikowano jedna z
dostgpnych metod redukujacych artefakty, czyli tomografi¢ dwuenergetyczng. Okreslono
parametry skanowania umozliwiajace uzyskanie jako$ciowo najlepszych obrazéw. W
pracy drugiej oceniono efektywnosci wykorzystania dwoch roznych metod redukcji
artefaktow (tj. tomografia dwuenergetyczna oraz metody algorytmiczne) jak i ich
kombinacji w celu poprawy jakosci obrazu tomograficznego obszaru, w ktorym znajduje
si¢ element metalowy. W ostatniej pracy z cyklu zweryfikowano wplyw elementéw o
duzej gestosci (tytan, stal, wolfram) na poprawno$¢ obliczen dawek przy uzyciu
algorytméw zaimplementowanych w systemie planowania leczenia umozliwiajagcym
przygotowanie komputerowego planu leczenia zawierajacego rozklady dawek.

Na podstawie prac opracowano warunki umozliwiajace przygotowanie
jakosciowo najlepszego obrazu tomograficznego pacjenta, a takze warunki pracy jakie

nalezy przestrzega¢ podczas przygotowywania planu leczenia.



ABSTRACT

The presented doctoral dissertation is a series of scientific articles in which the
impact of inorganic materials of various densities on medical imaging and the correctness
of calculations of dose distributions in the process of radiotherapy were analyzed. The
analyzed problem appears primarily from the increasing number of patients with metal
elements in their bodies, which significantly affect the process of radiotherapeutic
treatment. The presence of metal elements, due to their high density, disturbs the image
of the patient's computed tomography, which is necessary to determine the irradiated area
and critical organs. Due to the very high absorption of ionizing radiation and additional
scattering, disturbances called artifacts appear in the computed tomography image.
Appearing artifacts from metal elements in extreme situations make it impossible to
define a shape and localization of tumor and also affect the distribution of calculated
doses. This affects anatomical and dosimetric inaccuracies during the realization of the
treatment plan on the therapeutic machine.

As part of the research, in the first paper, one of the available artifact reduction
methods, i.e. dual-energy tomography, was verified. Scanning parameters have been
specified to obtain the best quality images. In the second paper, the effectiveness of the
use of two different methods of artifact reduction (i.e. dual-energy tomography and
algorithmic methods) and their combination in order to improve the quality of the
tomographic image of the area where the metal element is located was assessed. In the
last work, the influence of high-density elements (titanium, steel, tungsten) on the
correctness of dose calculations was verified using algorithms implemented in the
treatment planning system that allows the preparation of a computer treatment plan
containing dose distributions.

On the basis of the work, conditions were developed to enable the preparation of
the best quality tomographic image of the patient, as well as conditions that should be

meet during a treatment plan preparation.



1. Wstep

Od wielu lat radioterapia jest jedng z podstawowych metod leczenia choréb
nowotworowych. Osiggnigcie obecnego poziomu wysokiej precyzji deponowania dawki
promieniowania jonizujacego w ciele pacjenta, wymagato jednak ogromnego postepu
technologicznego oraz wielu lat. Juz podczas pierwszych zabiegdéw radioterapeutycznych
wykonanych w 1896 roku zaobserwowano szkodliwy wptyw promieniowania X na
tkanki zdrowe [1]. Od tego momentu, oprocz zdeponowania wlasciwej dawki w guzie
nowotworowym, nie mniej wazne stato si¢, podczas napromieniania, ograniczanie dawek

dostarczanych do narzadéw i tkanek zdrowych.

Wsréd wielu urzadzen, ktére znaczaco wplynety na rozwdj radioterapii oraz poprawe
efektow leczenia poprzez minimalizacj¢ toksyczno$ci, wymieni¢ nalezy przede
wszystkim tomograf komputerowy. Urzadzenie po raz pierwszy bylo Kklinicznie
zastosowane w 1972 i umozliwilo uzyskiwanie dwuwymiarowych przekrojéw ciata
ludzkiego [2]. Dzigki tej mozliwosci, naturalnym kierunkiem rozwoju radioterapii byto
wykorzystanie skanéw do okres§lania napromienianych obszaréw oraz dalsze obliczanie
w nich rozktadéw dawek. Obliczenia takie uwzgledniaja niejednorodnosci znajdujace si¢

w ciele czlowieka.

Wspotczesny proces leczenia radioterapeutycznego sktada si¢ z kilku nastepujacych

po sobie etapow:

1) Pierwszym etapem jest przygotowanie pacjenta do radioterapii. Polega on na
wykonaniu tomografii komputerowej obszaru ciata pacjenta, ktory zostanie
poddany napromienianiu. Na tak uzyskanych obrazach tomograficznych
wyznacza si¢ (obrysowuje) guz nowotworowy (obszar tarczowy) i narzady
krytyczne znajdujace si¢ w jego sasiedztwie. Narzady krytyczne to struktury nie
zmienione nowotworowo w ktorych lgczna wartos¢ zdeponowanej podczas
radioterapii dawki powinna by¢ ograniczona i nie powinna przekracza¢ $cisle
okreslonej warto$ci (tzw. dawka tolerancji).

2) Kolejnym etapem jest planowanie leczenia, podczas ktorego fizyk medyczny na
przygotowanych skanach tomograficznych pacjenta, przygotowuje komputerowy
plan leczenia radioterapeutycznego zawierajacy informacje¢ o odpowiedniej

konfiguracji akceleratora (tj. pozycji glowicy, stotu terapeutycznego, uktadu



kolimatoréow oraz np. liczby projekcji terapeutycznych, rodzaju i energii
promieniowania), celem uzyskania pozadanego rozktadu dawki terapeutycznej
podczas napromieniania.

3) Ostatnim etapem jest realizacja leczenia na akceleratorze terapeutycznym zgodnie
z przygotowanym planem leczenia oraz schematem dawkowania. Leczenie
zazwyczaj realizowane jest przez wiele tygodni. Nalezy jednak zauwazy¢, ze
wysoka precyzja wspoétczesnych akceleratorow medycznych, umozliwia
zmniejszenie dni napromieniania poprzez wzrost dawki dostarczanej podczas

jednej, dziennej, frakcji napromieniania.

Mimo ogromnego postepu technologicznego wcigz jednym z najwigkszych wyzwan
leczenia radioterapeutycznego jest obecnos¢ metalowych elementéw w ciele pacjenta [3-
6]. Prowadza one do znieksztalcen obrazu tomograficznego uniemozliwiajac przy tym
precyzyjne wyznaczenie obszaru tarczowego i narzadow krytycznych oraz obarczajac

obliczenia dawek przeprowadzane na obrazach tomograficznych dodatkowym btedem.

Glownymi przestankami do podje¢cia badan byly odpowiednio: (1) wzrost liczby
pacjentdw poddawanych radioterapii, ktorzy posiadajag metalowe elementy w swoim ciele
(szczegblnie wzrost pacjentow po endoprotezoplastyce) [7], (2) brak jednoznacznego
stanowiska dotyczacego metod leczenia takich pacjentow jak i (3) metod przygotowania
dla nich planu leczenia (tj. minimalizacja artefaktow celem poprawy jakosci obrazéw
tomograficznych jak i ograniczenie btedu obliczen dawki spowodowanego zaburzeniem

obrazu).

Przez wiele lat metalowe elementy w ciele czlowieka uniemozliwialy precyzyjng
realizacj¢ leczenia. Podstawowym problemem byly zaburzenia (artefakty) obrazu
tomograficznego powstate pod ich wptywem. Artefakty takie powstajag glownie ze
wzgledu na pojawiajace si¢ dodatkowe rozproszenia promieniowania jonizujacego, efekt
utwardzania wigzki - polegajacy na zwigkszonej absorpcji promieniowania
niskoenergetycznego, a takze calkowitego pochtaniania fotondw. Powstale zaburzenia
uniemozliwiaja precyzyjne oznaczenie (okonturowanie) napromienianych struktur i w

zwigzku z tym obliczone dawki moga by¢ obarczone duzymi btgdami.



Obecnie wyrdznia si¢ dwie podstawowe metody umozlwiajace redukcje artefaktow od
struktur metalowych na obrazach tomografii komputerowej. Pierwsza metoda
wykorzystuje algorytmy obliczeniowe (np. algorytm iMAR, z ang. iterative Metal
Artifact Reduction method), ktoérych zadaniem jest detekcja obszaréw o zwigkszonym
pochlanianiu promieniowania X oraz ich eliminacja, z wykorzystaniem techniki
zamalowywania danych na podstawie interpolacji (inpainting). Druga metodg jest
tomografia dwuenergetyczna (spektralna) (DECT, z ang. dual energy computed
tomography), podczas ktorej obiekt skanowany jest dwukrotnie, raz z nizszg i drugi raz z
wyzsza energig. Tomografia taka poprzez zebranie informacji o liniowym wspotczynniku
ostabiania promieniowania X dla dwoch réznych spektréw energetycznych, umozliwia
uzyskanie dodatkowych informacji o budowie skanowanego materiatu. Dodatkowo taki
zestaw danych umozliwia wygenerowanie serii skanow pseudomonoenergetycznych,

gdzie dla wybranych energii (rekonstrukcji) mozna zaobserwowac redukcje artefaktow

[8].

Podczas kolejnego etapu realizacji radioterapii, jakim jest planowanie leczenia,
trudnosci pojawiajg si¢ podczas obliczania rozktadow dawek. Gdy artefaktow nie da si¢
usung¢ z obrazu, mozna przypisa¢ im ggstosci np. wody. Zabieg taki uniemozliwia
wlasciwe okres§lenie napromienianych obszaréw anatomicznych, jednakze cze$ciowo
redukuj¢ btedy obliczeniowe. W przypadku zastosowania technik niwelujgcych artefakty
kolejnym wyzwaniem jest jednak wiasciwy wybér algorytmu obliczajacego rozktad
dawki. Do obliczen rozktadow dawek obecnie zastosowa¢ mozna kilka réznych
algorytmow o roznej precyzji dokonywanych obliczen. Wspotcze$nie wykorzystywane
algorytmy posiadaja pewne ograniczenia, ktoére ujawniajg si¢ w skrajnych sytuacjach.
Rutynowo wykorzystywane algorytmy umozliwiaja precyzyjng realizacj¢ obliczen w
obszarach o zblizonych gestosciach, lecz zawodza, gdy nastepuje przejScie pomigdzy
obszarami o skrajnie roznych gesto$ciach. W takich przypadkach najlepsze sg algorytmy
bazujace na symulacjach Monte Carlo. Jednak, nalezy zauwazy¢, ze takie symulacje
zazwyczaj wymagaja duzych mocy obliczeniowych oraz dlugiego czasu prowadzonych

obliczen [9-14].

Obecna w radioterapii réznorodno$¢ posiadanych urzadzen, systemow planowania
leczenia 1 dostepnosci algorytmow, a takze ich réznych wersji sprawia, ze osrodki
realizujgce takie leczenie nie zawsze sg w stanie skorzysta¢ z najlepszego rozwigzania.

Jednakze realizacja leczenia jest czgsto dla pacjenta jedyng opcja ratujaca zycie, zatem



poréwnanie metod redukujacych artefakty oraz ich dalszego wplywu na obliczenia jest
bardzo wazne. Ponadto lepsze poznanie algorytméw oraz ich ograniczen staje si¢
niezbedne w przypadku napromieniania nowotworéw znajdujacych sie blisko
metalowych elementéw oraz do nich przylegajacych. Ze wzgledu na réznego rodzaju
ograniczenia wazne jest, aby realizowane obliczenia uwzglgdniaty zjawiska fizyczne,
zachodzace na granicy osrodkéw o niskiej i wysokiej gestosci, a takze wlasciwego

obliczenia absorbcji promieniowania w metalu, co przektada si¢ na rozktad dawki.



2. Zalozenia rozprawy

Celem ogélnym rozprawy byta analiza wplywu materialdow nieorganicznych
0 roznych gestosciach na obrazowanie medyczne oraz poprawnos¢ obliczen rozktadow
dawki w procesie radioterapii.
Zadania szczegotowe rozprawy obejmowaly:

1. Ocen¢ jakosciowag 1 iloSciowa pseudomonoenergetycznych obrazow
tomograficznych (PMR) zrekonstruowanych w oparciu 0 dane uzyskane na
podstawie dwuenergetycznej tomografii komputerowej (DECT).

2. Ocena efektywnos$ci wykorzystania metod redukcji artefaktow (tj. DECT oraz
IMAR) jak i ich kombinacji w celu poprawy jakosci obrazu tomograficznego
obszaru, w ktorym znajduje si¢ element metalowy.

3. Weryfikacja wptywu elementéw o duzej gestosci (tytan, stal, wolfram) na
poprawnos¢ obliczen dawek przy uzyciu algorytméw zaimplementowanych w
systemie planowania leczenia Eclipse firmy Varian (tj. algorytmy AAA i AXB).

Wyniki badan okre$lone zakresem zadan szczeg6towych (ZS) zostaty przedstawione

w cyklu trzech publikacji naukowych. Sa to odpowiednio:

Artykul 1 (IF: 2.485; MNiSW: 70.000) odpowiadajacy ZS 1:

Pawatowski B, Szweda H, Dudkowiak A, Piotrowski T.

Quality evaluation of monoenergetic images generated by dual-energy computed
tomography for radiotherapy: a phantom study.

Phys Med 2019;63:48-55. doi:10.1016/j.ejmp.2019.05.019.

Artykul 2 (IF: 2.685; MNiSW: 70.000) odpowiadajacy ZS 2:

Pawatowski B, Panek R, Szweda H, Piotrowski T.

Combination of dual-energy computed tomography and iterative metal artefact reduction
to increase general quality of imaging for radiotherapy patients with high dense
materials. Phantom study.

Phys Med. 2020; 77:92-99. doi:10.1016/j.ejmp.2020.08.009

Artykul 3 (IF: 4.379; MNiSW: 140.000) odpowiadajacy ZS 3:

Pawatowski B, Ryczkowski A, Panek R, Sobocka- Kurdyk U, Graczyk K, Piotrowski T.
Accuracy of the doses computed by the Eclipse treatment planning system near and inside
the metal elements.

Sci Rep. 2022; 12(1):5974. doi: 10.1038/s41598-022-10072-8



3. Oméwienie prac oraz uzyskanych wynikéw

Wszystkie prace wchodzace w sktad rozprawy doktorskiej sg oryginalnymi pracami
prezentujagcymi badania wlasne doktoranta. Pierwsza praca dotyczy analizy obrazow
uzyskanych z tomografii spektralnej, druga weryfikuje wybrane metody redukcji
artefaktow oraz ich kombinacje, trzecia kompleksowo analizuje wptyw uzytych metod
redukujacych oraz poprawnos¢ obliczen rozktadow dawek z wykorzystaniem dostgpnych

algorytmow obliczeniowych.

3.1. Oméwienie artykulu numer 1

W artykule 1 - Quality evaluation of monoenergetic images generated by dual-energy
computed tomography for radiotherapy: a phantom study, zweryfikowano jeden z trybow
redukcji artefaktow tj. tomografie dwuenergetyczng. Celem pracy byla ocena jakosci
obrazéw monoenergetycznych generowanych poprzez wykorzystanie dwuenergetycznej
tomografii ~ komputerowej. W  pracy  zrekonstruowano  serie = obrazow
monoenergetycznych (w zakresie od 40 keV do 190 keV co 10 keV) fantomu Catphan
CTP 504 (The Phantom Laboratory, Salem, NY, USA). Fantom ten umozliwia oceng
jakosci obrazowania tomograficznego. Analiza ilosciowa uzyskanych obrazow fantomu,
wykonana zostata z wykorzystaniem oprogramowania do automatycznej kontroli jakosci.
W pracy oceniono liniowos¢ skali jednostek Hounsfielda dla obszaréw z materiatami o
roznej gestosci elektronowej, rozdzielczos¢ nisko kontrastowa, rozdzielczo$¢
wysokokontrastowa, jednorodno$¢, poziom szumu oraz stosunek sygnatu do szumu.
Obrazy wstepnie zweryfikowano takze pod katem ich potencjalnego wykorzystania
podczas wyznaczania obszaré6w struktur anatomicznych w planowaniu radioterapii. Na
podstawie oceny ilosciowej wykazano, ze najlepsze wyniki uzyskiwane byly dla serii
monoenergetycznych wygenerowanych dla 70 keV. Szczegdlng uwage nalezy zwrdcic¢
na parametr progowego kontrastu, ktory oceniany jest na podstawie detekcji dyskow o

roznej srednicy oraz gestosci tj. roznicy gestosci o 1%, 0.5% oraz 0.3% wzgledem tta.



Rysunek 1. (a) Uktad pomiarowy. (b) Przekrdj fantomu Catphan z modutem umozliwiajacym oceng progowego

kontrastu (rys. z pracy nr 1).

Zauwazy¢ mozna, ze najwigksza liczba zdetektowanych dyskow uzyskana zostata dla

serii 60 oraz 70 keV co oznacza, ze serie zrekonstruowane dla tych energii charakteryzuja

si¢ najlepsza rozréznialnos$cig struktur o zblizonej gestosci.
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Rysunek 2. Graficzna interpretacja wynikow uzyskanych podczas oceny kontrastu progowego. Liczba

zdetektowanych dyskow (kolor zielony) o roznej $rednicy i roznych gestoéciach (rys. z pracy nr 1).
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Rowniez parametry takie jak szum oraz stosunek sygnatu dla szumu, wykazaty znacza

przewage tych dwoch energii. Analizujac kolejny parametr jakim byta zaleznos¢ wartosci

HU od gestosci elektronowej, zauwazono znaczne rdznice w wartosciach HU pomigdzy

seriami. W zwigzku z tym kolejnym wnioskiem wynikajacym z pracy jest konieczno$é

stosowania r6znych krzywych kalibracyjnych, umozliwiajacych konwersje skali HU do

wartosci gestosci elektronowych, celem obliczenia dawki w strukturach anatomicznych.

Zatem, w przypadku checi wykorzystania skanéw podczas planowania leczenia

radioterapii, nalezy wyznaczy¢ krzywe kalibracyjne dedykowane do kazdej z energii. W

dalszej czgsci pracy zrekonstruowano serie obrazow monoenergetycznych dla pacjenta



leczonego radioterapeutycznie, u ktérego badanie wykonano w trybie tomografii
dwuenergetycznej. Na podstawie analizy przeprowadzonej przez lekarza radioterapeute
stwierdzono, ze najbardziej uzyteczne z punktu widzenia klinicznego byly obrazy
wygenerowane dla 70 keV, ktore charakteryzowaly sie najlepszg rozrdznialnoscig
struktur. Nalezy jednak zauwazy¢, ze ocena wykonana zostata tylko przez jednego
lekarza i ograniczona byla tylko do jednego pacjenta. Na podstawie analizy
przygotowanego planu leczenia zauwazono, ze rdéznice w obliczonej dawce, wynikajg
z zastosowania tylko jednej krzywej konwersji (umozliwiajacej zmiang jednostek HU na
gestoéci elektronowe), ktora rutynowo wyznaczona jest dla 120 keV. Swiadczy to o
koniecznos$ci wyznaczenia dedykowanych krzywych konwersji w przypadku obliczen dla

skano6w wykonanych dla r6znych energii.
3.2.0méwienie artykulu numer 2

W drugim artykule - Combination of dual-energy computed tomography and iterative
metal artefact reduction to increase general quality of imaging for radiotherapy patients
with high dense materials. Phantom study, weryfikowano i poréwnywano wybrane
metody redukcji artefaktow oraz ich kombinacje. W pracy wykorzystano fantom Virtual
Water phantom (Gammex RMI, Middleton, WI, USA) ktoéry zostal zeskanowany na
tomografie komputerowym (Siemens Medical Solution, Erlangen, Niemcy) w trybach:
(@) standardowej tomografii komputerowej, (b) tomografii potaczonej z algorytmem
redukujacym metalowe artefakty (iIMAR), (c) tomografii dwuenergetycznej oraz (d)

tomografii dwuenergetycznej potaczonej z algorytmem iMAR.

Rysunek 3. (a) Virtual Water Phantom. (b) Virtual Water Phantom z metalowym insertem. (c) Metalowe inserty.

(d) Obszary, w ktorych dokonywana byta analiza. (rys. z pracy nr 2).



Budowa fantomu umozliwialta umiejscowienie w nim metalowych walcow
wykonanych z tytanu oraz dwoch typow stali bedacych stopami pierwiastkow zblizonymi
do sktadu endoprotez. Analiza obrazoéw polegala na ocenie w trzech wybranych
obszarach zmian wartosci HU oraz odchylnia standardowego w stosunku do obrazu bez
metalowych elementéw. Dotychczasowe prace naukowe wskazywaty na brak korzysci
podczas taczenia obu metod redukujgcych artefakty tj. monoenergetycznych skanow z
zakresu 120 - 140 keV z algorytmem iMAR. Jednakze bazujac na publikacji numer 1
postanowiono zweryfikowaé takze kombinacje algorytmu z monoenergetyczng serig
skanéw dla 70 keV. Wsrod ocenianych serii pomiarowych, zgodnie z oczekiwaniami,
najgorsze wyniki obserwowane byly dla rekonstrukcji niewykorzystujacych algorytmu
redukujacego artefakty. Uzyskane wyniki podzieli¢ mozna na najlepsze pod katem
precyzji odwzorowania metalowego elementu (efekt lokalny) oraz ze wzgledu na
poprawe jakosci catego obrazu tomograficznego (efekt globalny). Analiza ilo$ciowa
wykazata znaczaca redukcj¢ absolutnej réznicy jednostek HU pomiedzy obrazem
referencyjnym, a obrazami zawierajacymi metalowe elementy przy zastosowaniu
algorytmu iMAR. Dla drugiego analizowanego parametru jakim byto odchylenie
standardowe wartosci HU, najmniejsze wartosci §wiadczace o najlepiej odtworzonym
obrazie zaobserwowane zostaty dla kombinacji skandw monoenergetycznych dla 70 keV
z algorytmem iMAR. Celem quasi klinicznej weryfikacji wynikow uzyskanych w
fantomie Virtual Water, przygotowano antropomorficzny fantom obszaru miednicy
zawierajacy kosci miednicy, ko$¢ udowsa, endoproteze oraz struktury imitujgce pecherz,
odbytnice i1 prostate. Fantom zostal zeskanowany na tomografie komputerowym z
identycznymi parametrami jak pierwszy fantom poddawany ocenie ilosciowej. Analiza
jakosciowa przeprowadzona zostata przez specjalistow fizyki medycznej, ktorzy ocenili,
ze dla serii pomiarowych wykorzystujacych tylko tomografi¢ dwuenergetyczng najlepsze
jakosciowo obrazy uzyskiwane byty dla serii wygenerowanych dla 130 keV. Z kolei, w
przypadku zastosowania algorytmu redukujacego artefakty (IMAR), za najlepsze
jakosciowo wskazywano rekonstrukcje dla 70 keV oraz 130 keV. Dla rekonstrukcji 130
keV z iMAR zaobserwowano najlepsza redukcje artefaktéw w okolicy metalowego
elementu oraz jego najlepsze odwzorowanie (efekt lokalny). Seria skanow
monoenergetycznych 70 keV z iMAR, ktora zdobyta najwieksza liczbe punktow,
wskazywana byta przez fizykéw medycznych jako cato$ciowo najlepsza oraz o wizualnie

najmniejszych zaburzeniach obrazu (efekt globalny).



3.3. Omodwienie artykulu numer 3

Ostatni z artykulow - Accuracy of the doses computed by the Eclipse treatment
planning system near and inside the metal elements, w sposob kompleksowy weryfikowat
tryby redukcji artefaktow oraz doktadnosci obliczen dawek w zaleznos$ci od wybranych
metod rekonstrukcji obrazu i wybranych algorytmow obliczeniowych. W ramach pracy
przygotowany zostal fantom wodny z wydrukowanym w technologii 3D uchwytem,
umozliwiajgcym umiejscowienie filmu radiochromowego pionowo wzdhuz osi wigzki
oraz utrzymanie przecigtego na pot, metalowego elementu. W poréwnaniu do prac 11 2,
badania zostaly rozszerzone o dodatkowy metal jakim byl wolfram. Fantom zostal
zeskanowany na tomografie komputerowym w warunkach identycznych jak w artykule
numer 2, tj.: standardowe CT, standardowe CT z iIMAR, DECT 70 keV, DECT 130 keV
oraz kombinacja DECT z iMAR. Przed przystgpieniem do obliczen, bazujac na
wnioskach z artykutlu numer 1, przygotowano dla kazdego z obrazowanych trybow
dedykowane krzywe kalibracyjne umozliwiajace konwersje wartosci HU do gestosci
elektronowej lub fizycznej. Dodatkowo celem uzyskania danych referencyjnych, ktore
umozliwily weryfikacje obliczen, wykonane zostaty symulacje Monte Carlo. Model
medycznego akceleratora liniowego przygotowany zostal z wykorzystaniem danych
dostarczanych przez producenta aparatu. Nalezy wspomnie¢, ze obliczenia z
wykorzystaniem metod Monte Carlo, ze wzgledu na precyzj¢ odwzorowywania
oddziatywan fizycznych sg obecnie zlotym standardem. Symulacje takie dzigki
uwzglednianiu  wszystkich istotnych zjawisk fizycznych, powstajacych podczas
oddzialywania promieniowania z materig, pozwalaja na uzyskiwanie zgodnych z
rzeczywistoscig rozktadéw dawek. Kolejnym krokiem byta walidacja symulacji Monte
Carlo z wykorzystaniem filmu radiochromowego EBT 3 (Ashland Inc. Wilmington,
Delaware, USA). Przed przystgpieniem do napromieniania filméw wykonano krzywa
kalibracyjng umozliwiajacag konwersje¢ gestosci optycznej do dawki. Zaobserwowana
zwigkszona warto$¢ dawki od promieniowania wstecznie rozproszonego wymusila
rozszerzenie przygotowanej krzywej kalibracyjnej o 80 punktow procentowych dawki na
glebokosci dawki maksymalnej. Tak przygotowany uktad wskazal rozbieznosSci
pomigdzy symulacjami a pomiarem. Podczas analizy zauwazono, znaczny wzrost dawki
W obszarze filmu, co §wiadczy¢ moze o perturbacji wigzki, dlatego w kolejnym kroku
przygotowano symulacje uwzgledniajagce obecno$¢ filmu. Dopiero symulacje

uwzgledniajgce film umozliwity walidacje kodu Monte Carlo. Wysokie wyniki



wspotczynnika korelacji Pearsona R > 0.998, potwierdzaja zgodno$¢ symulacji
z pomiarem. Wobec tego postuzyly one do przygotowania referencyjnych procentowych
dawek glebokosciowych. Nastgpnym krokiem bylo zaprojektowanie obliczen
z wykorzystaniem algorytméw zaimplementowanych w systemie Aria. W pracy
porownano dwa algorytmy pracujace w réznych trybach:

- AAA (Analytical Anisotropic Algorithm), z uwzglednieniem warto$ci HU metalowego
elementu zrekonstruowanego przez tomograf,

- AAA, z uwzglednieniem przypisanej wartosci HU dla catego metalowego elementu
bedaca wartoscig $rednig HU z elementu,

- Acuros XB, obliczajacy dawke bezposrednio w osrodku i raportujagcym dawke w trybie
dose to medium,

- Acuros XB, obliczajacy dawke bezposrednio w osrodku i raportujacym dawke w trybie
dose to water.

Wszystkie z wykorzystanych algorytmow posiadajg pewne ograniczenia. Pierwszy z
nich (AAA) umozliwia wzglednie szybka kalkulacj¢ rozktadow dawek, jednakze
obliczenia dla obszardw, gdzie nastepuje znaczna zmiana gestosci (przejscie ze struktur
migkkich do ptuca lub kosci) zachodzi niedoszacowanie warto$ci dawki. Btad ten ze
wzgledu na zdeponowanie niewlasciwej wartosci dawki w obszarze tarczowym
niekorzystnie wptywa na efekt terapeutyczny. Drugi z algorytméw (Acuros XB) jest
algorytmem klasy Monte Carlo. Obliczenia dawek wykonane tym algorytmem w
warunkach standardowych (tj. bez elementéw metalowych) charakteryzuja si¢ wysoka
zgodnoscig z pomiarami dawek zdeponowanych. Algorytm rozwigzuje liniowe rownanie
transportu Boltzmana fluencji elektronéw w osrodku z wykorzystaniem wtasciwych dla
materiatu zdolnoéci hamowania (stopping powers). Dwa sposoby raportowania dawki
realizowane s3 na etapie przetwarzania koncowego, kiedy fluencja energii bedaca
wynikiem obliczen transportu mnozona jest przez funkcje odpowiedzi w dowolnym
medium. Ograniczeniem tego algorytmu jest koniecznos¢ przypisywania konkretnego
materiatu do struktury o wysokiej gestosci z niemodyfikowalnej biblioteki.

Obliczenia przeprowadzono dla trzech metali tytanu, stali (alloy 600) oraz wolframu.
Wyboru wolframu dokonano ze wzgledu na jego bardzo duza gestos¢ oraz fakt, ze w
bibliotece materiatow znajdowalo si¢ zloto o zblizonej gestosci co umozliwilto
przypisanie go do struktury. Nastgpnie na wszystkich uzyskanych skanach
tomograficznych  z wykorzystaniem roznych metod redukujacych —artefakty

przeprowadzono obliczenia rozkladow dawek =z wykorzystaniem dostepnych



algorytmow. Analiza wynikow wskazata bardzo dobrag zgodno$¢ algorytmu Acuros XB
w trybie pracy dose to medium. Algorytm jako jedyny wtasciwie oblicza rozktad dawki z
uwzglednieniem fenomenu fizycznego zachodzacego w miejscu tgczenia metalowego
elementu z wodg (lub tkankg pacjenta), polegajacym na wygenerowaniu promieniowania
wstecznie rozproszonego. Jak wspomniano pewnym ograniczeniem algorytmu jest
jednak niemodyfikowalna biblioteka materiatow, zatem obliczenia dla alloy 600 oraz
wolframu zostaty zrealizowane dla predefiniowanej stali oraz zlota. Obliczenia te
pokazuja pewne rdznice wynikajace ze wskazania materiatow zblizonych, a nie wprost
tych, ktore byly uzyte w eksperymencie. W przypadku drugiego trybu pracy algorytmu
Acuros XB, czyli dose to water zaobserwowano znaczne przeszacowywanie dawki w
metalu, jednakze obliczenia realizowane w wodzie sg poprawne i zgodne z symulacjami.
Drugi z algorytméw, czyli AAA, ze wzgledu na wykonywane skalowanie dawki
polegajace na obliczaniu dawki w wodzie, a nastepnie Z wykorzystaniem ggstosci
elektronowej skalowaniu dawki w danym punkcie, uniemozliwia uwzglednienie
promieniowania wstecznie rozproszonego. Na podstawie analizowanych danych
zauwazono, ze dla algorytmu AAA, przypisanie do calej struktury wartosci HU
wynikajacej z tomografii komputerowej poprawia obliczenia za metalowym wktadem.
Ostatnim wnioskiem plynacym z pracy byta informacja, ze rdézne tryby redukcji
artefaktow nie wskazuja istotnych statystycznie réznic pod katem kalkulacji dawki,
warunkiem jest jednak zastosowanie dedykowanej krzywej kalibracyjnej. W zwigzku z

powyzszym wybor rekonstrukcji przez lekarza nie ma istotnego wptywu na obliczenia.



4. Podsumowanie

Przedtozona rozprawa doktorska poddata ocenie wplyw materialéw nieorganicznych
o roznych gestosciach na obrazowanie medyczne oraz poprawno$¢ obliczen rozktadow
dawki w procesie radioterapii. W oparciu o przedstawiony cykl publikacji wyciagnigto

nastgpujace wnioski:

Artykul 1: W oparciu o analiz¢ danych ilosciowych wykazano, ze dla serii obrazow
pseudo monoenergetycznych najlepsza jakosciowo jest seria zrekonstruowana dla 70
keV. Rowniez z punktu widzenia klinicznego seria wygenerowana dla 70 keV zostata
oceniona jako najlepsza (subiektywna ocena lekarska).

Artykul 2: W oparciu o analizg ilo§ciowa danych wykazano, ze zastosowanie algorytmu
iIMAR znacznie zredukowato absolutng rdéznice jednostek HU pomigdzy obrazem
referencyjnym, a obrazem po redukcji artefaktow. Na podstawie analizy odchylenia
standardowego wartosci HU wykazano, ze najmniejsze wartos$ci §wiadczace o najlepiej
odtworzonym  obrazie zaobserwowane zostaly dla  kombinacji = skanow
monoenergetycznych dla 70 keV z algorytmem iMAR.

Artykul 3: Na podstawie analizy danych wykazano, ze algorytmem najlepiej
obliczajacym rozktady dawek w obecno$ci metali jest Acuros XB — dose to medium, ktory
uwzglednia promieniowanie wstecznie rozproszone, pewnym ograniczeniem jest
niemodyfikowalna biblioteka materiatow, tryb pracy dose to water przeszacowuje dawke
w metalu, aczkolwiek poprawnie realizuje obliczenia w wodzie. Algorytm AAA ze
wzgledu na skalowanie dawki i obliczenia gestosci elektronowej, oblicza dawke lokalnie
1 nie uwzglednia promieniowania wstecznie rozproszonego, jednakze przypisanie do calej
struktury warto$ci HU wynikajacej z tomografii komputerowej poprawia obliczenia za
metalowym wktadem. Ponadto, po zweryfikowaniu roznych trybow redukcji artefaktow
nie wykazano istotnych statystycznie réznic pod katem kalkulacji dawki, pod warunkiem
zastosowania dedykowanej krzywej kalibracyjnej - zatem lekarz ma mozliwos¢ wyboru

trybu obrazowania najlepszego wedtug osobistej oceny.

Na podstawie prac w oparciu, o ktore zbudowana zostata rozprawa doktorska mozna
stwierdzi¢, ze najlepsza strategig przygotowania pacjentow do radioterapii jest

wykonanie dwuenergetycznej tomografii komputerowej z wykorzystaniem algorytmu



IMAR oraz wygenerowanie serii pseudo monoenergetycznej dla 70 keV. Kombinacja
tych metod umozliwia uzyskanie najlepszej jako$ci obrazow tomograficznych na ktérych
znajduja si¢ elementy metalowe. Nastepnie celem przygotowania planu leczenia, ktory
realizowany bedzie na akceleratorze medycznym nalezy zastosowaé algorytm Kklasy
Monte Carlo np. Acuros w trybie dose to medium, co umozliwia uzyskanie najlepszych

zgodnos$ci pomigdzy obliczonym i rzeczywistym rozktadem dawek.
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Purpose: Quantification analysis for monoenergetic computed tomography (CT) images obtained from dual-
energy CT scanning was performed in the light of their potential use for structures delineation during radio-
therapy.

Methods: Parameters that describe the quality of the images are: linearity, low and high contrast resolution,
uniformity, noise and signal to noise ratio (SNR). To evaluate these parameters, a Catphan phantom was scanned
using a dual-energy mode at Somatom Definition AS. Based on the polyenergetic CT images, sixteen mono-
energetic series (ranged from 40 keV to 190 keV) were created by CT scanner software and automatically ana-
lyzed using Artiscan software.

Results: Analysis of linearity shows that a potential use of any monoenergetic images in radiotherapy planning
requires that individual calibration curves are implemented for each of them. While the results of the high
contrast resolution analysis were comparable for each energy (5 lp/cm), the results of the analyses for uni-
formity, low contrast resolution, noise and SNR allowed us to select the best imaging energies. The highest
relative uniformity was detected for images reconstructed for energies of 60keV and 70keV (98.54% and
98.61%). Similar results were observed for low contrast resolution, where the largest number of disks was
detected for these energies, and the noise values (0.42% for 60keV, 0.44% for 70keV). The best SNR was
observed for images reconstructed for energy of 60 keV.

Conclusions: Taking into account these results, the energy of 70 keV was selected as potentially the best for
reconstruction of monoenergetic images used for structures delineation during radiotherapy.

1. Introduction material, but is a function of the material composition, the photon

energies interacting with the material, and the mass density of the

Limited differentiation of anatomical structures on computed to-
mographic (CT) images significantly affects the precision of the de-
termination of the target volumes and organs at risk during the seg-
mentation process which is one of the crucial parts of the treatment
planning procedure performed before radiation therapy [1,2]. In the
case of dynamic techniques of radiation therapy (e.g. intensity modu-
lated radiation therapy or volumetric modulated arc therapy), in-
accuracy of segmentation affects directly the optimization of dose dis-
tribution during the treatment plan preparation and, eventually, the
accuracy of dose deposition during the treatment. The reason for these
difficulties is that the CT-numbers measured for a specific voxel (re-
presenting an elemental part of the tissue) is related to the linear at-
tenuation coefficient p(E) which is not unique for any given tissue/

material [1]. Assuming the use of monoenergetic x-rays, at approxi-
mately 120 keV, the same linear attenuation coefficients can be mea-
sured for example, for calcified plaques and iodine-containing lymph
nodes [1]. Data acquired at approximately 70keV would allow the
differentiation of the two materials.

This was a prerequisite for the development of new computed to-
mography technologies, which, apart from imaging capabilities using a
polyenergetic spectrum of radiation with defined nominal energy,
would enable to obtain a few anatomically identical sets of images
differentiated by the energy of radiation during one imaging session on
CT in such a way that each set of images is related to specific mono-
energetic radiation (monoenergetic CT). There are several technical
solutions to generate monoenergetic CT images. First group of them is
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based on using two or more polyenergetic spectrums with different
nominal energies (e.g. 80keV and 140keV) and is realized, respec-
tively, by: (i) a system of two x-ray tubes [3-5], (ii) technology of fast
switching of scanning energy between possible highest and lowest
nominal energy [6-8], or (iii) double helix technique, where the object
is scanned twice (each time using a different nominal energy) [9,10].
The second group of technical solutions applies to the construction of
CT detectors, e.g. (i) two-layer detectors, where the surface layer col-
lects a signal with lower energies and the layer located deeper collects a
signal with higher energies [11-14], or (ii) technology based on
counting single photons for which the detector is a semiconductor diode
that allows to detect single photons and correlate the strength of the
detected signal with energy [15-18].

Use of a different set of monoenergetic images based on the spectral
analysis allows to resolve problems with non-differentiated structures
for conventional imaging (polyenergetic CT with specified nominal
energy of radiation). When the anatomical data are non-contrasted and
free of high-density material, there is a possibility to select the mono-
energetic set of images that, based on the parameters characterizing the
image quality, are most appropriate for treatment plan preparation.

2. Material and methods

The aim of this study was to evaluate the monoenergetic CT images
collected by the dual-energy mode using the double helix technique on
the Somatom Definition AS machine (Siemens Medical Solutions,
Erlangen, Germany). The evaluation was performed on the images
gathered for the Catphan 504 (CTP504) phantom (The Phantom
Laboratory, Salem, NY, USA). The CTP504 was placed on the CT table
in such a way that only the basis of the phantom was on the table while
the active (imaged) part of the phantom was outside the table during
scanning (Fig. 1a). The slice thickness of 3 mm, 1.2 value of the pitch
and 80keV and 140 keV energies for the first and the other helix, re-
spectively, were used during imaging of the phantom. The CT dose
volume indices (CTDI,,) and dose length products (DLP) were, re-
spectively: 16.8 mGy and 369.6 mGy*cm for the first helix (80keV);
and 18.4 mGy and 404.8 mGy*cm for the other helix (140 keV). Based
on the obtained set of dual-energy CT images, the reconstructions of the
sixteen monoenergetic CT sets of images were performed with energies
ranging from 40 keV to 190 keV with a step of 10 keV. Fig. 1b shows the
operation window available in the reconstruction module of software
installed on an operator station of the Somatom Definition AS machine,
where a monoenergetic CT set of images is created from the dual-energy
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CT set of images. The energy selection slider located at the bottom of
the window on Fig. 1b allows to extract the monoenergetic data ranged
from 40keV to 140keV from data gathered during scanning and ex-
trapolate these data to the monoenergetic data for energies from
141 keV up to 190 keV.

All quantitative analyses of the quality of images included in this
study were performed in the Artiscan software (AQUILAB, Loos les
Lille, France) enabling automatic analysis of the CT images gathered for
the CTP504 phantom. The CTP504 is 20 cm in length and includes four
modules dedicated for measurements of the parameters of CT images
describing their quality [19,20]. For each monoenergetic CT set of
images, the following parameters were evaluated: (i) linearity of the
CT-numbers for different mass densities displayed on different mono-
energetic CT sets of images (imaging data collected in CTP401 module),
(ii) low contrast resolution (imaging data collected in CTP515 module),
(iii) uniformity, noise and signal to noise ratio (imaging data collected
in CTP486 module), and (iv) high contrast resolution (imaging data
collected in CTP528 module).

According to the Artiscan brochure describing details of parameters
[21] the low contrast resolution, uniformity, noise and signal to noise
ratio were expressed, respectively, as:

SO_ Sk

C, = x 100

Sk (€)]
where Co is the low contrast resolution, Sp is the mean signal value
collected on the object and Sy is the mean signal value of the signal from
the background around the object.

NdGqx — NdGpin

Uni= ————————
NdGax + NdGpin

(2)
where Uni is the uniformity, and NdG,,,, and NdG,,;, are, respectively,
the maximum and minimum gray levels measured in the region of in-
terest.

ONH

N= ————
HUWater - HUAir

X 100%

3)
where N is the noise level, oyy is the standard deviation of the
Hounsfield units in the region of interest, and HUyqr and HUy; are,
respectively, the Hounsfield units for water and for air.

sNr = 2L
Opif

4

where SNR is the signal to noise ratio, GL is the mean value of gray

Fig. 1. The Catphan 504 - phantom used in the study. Figures show: (a) position of the phantom during data gathering and (b) image of CTP515 module of the

phantom with energy selector at the bottom of the window.
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levels in the region of interest and opy is the standard deviation of the
gray level difference in the region of interest.

The high contrast resolution was calculated from the ratios for the
21 test patterns of the insert in the phantom (CTP528 module). The
power spectral density ratio curve was plotted according to the all test
patterns, expressed as pairs of lines per unit of measure. This curve
tends towards 100% for the largest pattern and towards 0% when the
imaging system can no longer distinguish between them. The first
minimum of the curve gives the high contrast resolution. The power
spectral density is defined as [21]:

SDacq

PSDR; = x 100

SDrec (%)

where PSDR; is the power spectral density PSD for the i-th pattern R;,
and PSD,,. and PSD,, are the power spectral densities for the recon-
stituted theoretical profile and for the acquired profile, respectively.

To analyze the linearity, absolute differences (AD) [HU] and abso-
lute relative differences (ARD) [%] between CT-numbers were mea-
sured on monoenergetic and polyenergetic (dual-energy mode) images.
The AD and ARD were expressed as follows:

ADMEJ.,DI. = ICTnumberMEj,Di — CTnumberpg p| 6)

CTnumberMEj, p; — CTnumberpg, p,
ARDME]',Di = 100%

CTnumberpg p, %)

where CTnumberyg; p; is an average value of Hounsfield units detected
in pixels contained in the i-th disc (D;) at the monoenergetic CT set of
images reconstructed for the j-th energy (ME;), CTnumberpgp; is an
average value of Hounsfield units detected in pixels contained in the i-th
disc (D;) at the polyenergetic CT set of images obtained from imaging
based on the dual energy mode (DE).

3. Results

Based on the linearity analysis, the absolute differences (AD) and
absolute relative differences (ARD) between the CT-numbers from

A) Material
Air PMP LDPE Polystyrene  Acrylic Delfrin Teflon
40 2 | m | e 69
50 2 53 57 56 31 35 77
60 0 22 23 22 13 15 31
70 1 2 2 2 2 2 3
80 2 10 12 12 6 6 16
90 3 19 21 21 10 1 28
Y 100 3 24 27 27 14 15 36
.‘g. 110 4 29 32 31 16 18 42
? 120 4 31 35 34 18 20 46
‘s 130 4 34 37 36 19 21 50
140 4 35 39 38 20 22 52
150 4 37 41 39 21 23 54
160 4 38 42 40 21 24 56
170 4 38 43 41 22 24 57
180 5 39 43 42 22 25 58
190 5 40 44 42 23 25 58
0.001 0.853 0.945 0.998 1.147 1.363 1.868

Relative electron density [e/cm’]

Relations between colours and absolute differences [HU] between CT-numbers
don getic and poly getic (dual-energy) images:
[ 0 [ 10 T 3 [ e [ 90

Physica Medica 63 (2019) 48-55

monoenergetic and polyenergetic (dual energy mode) CT images were
computed. Fig. 2 shows the relations of these values in the light of
different relative electron densities displayed on different mono-
energetic CT sets of images. The relative electron densities ranged from
low values (e.g. 0.001 e/cm? for air) through the values comparable to
electron densities for water (e.g. 0.998 e/cm® for polystyrene) to high
values (e.g. 1.868 e/cm?® for teflon). Based on values of the AD (Fig. 2a)
and ARD (Fig. 2b) parameters, the most consistent and the smallest
values were observed for energy of 70 keV (1 HU and 0.1% for air, 2HU
and 5.9% for polystyrene, and 3HU and 0.3% for teflon). The highest
inconsistency was observed for energy of 40 keV: 2 HU and 0.2% for air,
111 HU and 302.1% for polystyrene, and 156 HU and 16.2% for teflon.
While the ARD parameter is small for low (air) and high (teflon) re-
lative electron densities, the values of ARD increase for relative electron
densities near 1 e/cm®. For example, for CT images reconstructed for
energy of 120keV the ARD is: 0.4% for air (0.001 e/cm®), 91.3% for
polystyrene (0.998 e/cm?) and 4.9% for Teflon (1.868 e/cm®).

Fig. 3 shows the results for low contrast resolution analysis per-
formed in the CTP515 module of CTP504. The CTP515 module contains
low contrast supra-slice discs with diameters ranging from 2mm to
15mm, and contrast levels of 0.3%, 0.5% and 1.0%. These discs are
used to evaluate the ability to differentiate objects with slightly dif-
ferent densities. The first column of the graphical table in Fig. 3 re-
presents the diameters of the discs. The analysis was performed for
monoenergetic CT sets of images reconstructed for energies ranging
from 40keV to 190keV (last row in Fig. 3). The results for contrast
levels of 1.0%, 0.5% and 0.3% are presented in the first, second and
third column, respectively, for each energy (Fig. 3). While the green
dots in Fig. 3 represent the positive result of detection (disc is visible),
the red dots mean that no disc was detected. The best results of low
contrast resolution analysis were observed for energies of 70 keV and
60 keV. For both of these energies, all discs with contrast level of 1%
were visible. For the contrast level of 0.5%, the disc with a diameter of
2 mm, and for the contrast level of 0.3%, discs with diameters of 2 mm,
3 mm and 4 mm were not detected for these energies. The worst results
were observed for all energies higher than 120 keV. For these energies,
only the discs with diameters higher than 2 mm verified on the contrast

B) Material
Air PMP LDPE Polystyrene  Acrylic Delfrin Teflon
40 0.2 57.1 118.8 302.1 55.6 17.6 16.2
50 0.2 28.8 59.4 152.6 28.3 9.1 8.2
60 0.0 12.0 24.0 60.3 12.1 3.8 33
70 0.1 11 21 5.9 1.6 0.6 0.3
80 0.2 5.4 12.2 321 4.8 1.8 17
90 0.3 10.3 219 56.5 8.9 2.9 3.0
Y 100 0.3 13.0 28.1 72.8 121 4.1 3.8
g 110 0.4 15.8 333 83.3 14.5 4.7 4.5
gﬁ 120 0.4 16.8 36.5 91.3 16.1 5.3 4.9
5 130 0.4 18.5 38.5 97.7 16.9 5.6 5.3
140 0.4 19.0 40.6 102.5 17.7 5.9 5.5
150 0.4 20.1 42.7 106.4 18.5 6.2 5.7
160 0.4 20.7 43.8 109.4 19.4 6.2 59
170 0.4 20.7 44.8 111.7 19.4 6.5 6.0
180 0.5 21.2 44.6 113.7 20.2 6.5 6.2
190 0.5 21.7 45.8 115.2 20.2 6.8 6.2
0.001 0.853 0.945 0.998 1.147 1.363 1.868

Relative electron density [e/cm’]

Relations between colours and absolute relative differences [%] between CT-numbers
don getic and poly getic (dual rgy) i :
[ o [ 10 [ 20 [ 4 [ e [ 8 [ 5100 |

Fig. 2. The absolute differences (a) and the absolute relative differences (b) between the CT-numbers from monoenergetic and polyenergetic (dual energy mode) CT
images and their relations to different relative electron densities and different monoenergetic CT sets of images.
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1% (1** column), 0.5% (2”" column) and 0.3% (3th column) contrast, respectively for each energy

15 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000 000
@00 000 @00 000 000
@00 000 @00 000 000

Disc diameter [mm]

Q@00

@00

@00 000

@ Disc detected
@ Disc not detected

110
Energy [keV]

120

Fig. 3. The results for low contrast resolution analysis performed in the CTP515 module of the Catphan 504 phantom. The green dots represent the positive result of
detection, the red dots mean that no disc was detected. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

Table 1
High contrast resolution, relative uniformity, noise and signal to noise ratio in
relation to the energies of monoenergetic CT images.

Relative
Uniformity [%]

Energy [keV] High Contrast

Resolution [lp/cm]

Signal to
Noise Ratio

Noise [%]

40 5.63 92.42 54.66 2.21
50 5.74 96.58 129.00 0.98
60 5.79 98.54 300.00 0.42
70 5.82 98.61 254.90 0.44
80 5.85 98.04 175.81 0.63
90 5.86 97.47 142.45 0.78
100 5.88 97.09 125.67 0.88
110 5.88 96.86 115.72 0.96
120 5.88 96.62 110.01 1.01
130 5.89 96.54 105.51 1.06
140 5.89 96.44 103.20 1.09
150 5.90 96.35 100.35 1.12
160 5.90 96.26 98.74 1.13
170 5.90 96.24 97.49 1.15
180 5.90 96.21 96.51 1.16
190 5.90 96.17 95.68 1.17
Dual-Energy”  5.83 98.66 227.41 0.49

“Images obtained from scanning with two polyenergetic beams with nominal
energies of 80keV and 140 keV (dual energy mode). Data from dual energy
mode are the source for reconstruction of monoenergetic images.

level of 1% were detected.

The results of high contrast resolution as well as relative uniformity
were presented in Table 1. While almost the whole table contains data
for specified energy, the last row of Table 1 contains data for poly-
energetic imaging (dual energy mode). Despite a difference between
high contrast resolution measured at monoenergetic and polyenergetic
CT sets of images, the results are comparable because, in fact, 5 lines
pair per cm were detected for every energy.

The best relative uniformity for the monoenergetic CT sets of images
was obtained for 70 keV energy (98.61%). The relative uniformity for
images obtained from this energy correspond to the relative uniformity
for the polyenergetic images (98.66%). For the rest of monoenergetic
images, except the images obtained for the energy of 40 keV, the re-
lative uniformity ranged from 96% to 98% and was slightly worse than
for the polyenergetic images. The relative uniformity for 40 keV images
was significantly worse than for polyenergetic images and was 92.42%.

In addition to the data of high contrast resolution and relative
uniformity, Table 1 includes data of noise and signal to noise ratio
(SNR) that were visualized in Fig. 4. Among all analyzed energies, the
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best SNR and the lowest value of the noise were observed for images
obtained for the energies of 60 keV and 70 keV.

Moreover, images obtained for these energies were characterised by
better values of SNR and noise than the polyenergetic images. The noise
and SNR were respectively: 0.42% and 300.00 for 60 keV, 0.44% and
254.90 for 70 keV and 0.49% and 227.41 for polyenergetic images.

4. Discussion

In connection to the technical solutions of the CT scanner used in
our hospital (Somatom Definition AS), the evaluation of the mono-
energetic CT images was limited to the dual-energy mode realized by
the double helix technique. The double helix technique at the Somatom
Definition AS scanner consists of two successive spiral scans, where the
first scanning uses the energy of 140 keV and the other, the energy of
80 keV. One of the potential limitations of this method is the time delay
between the two helixes that can lead to inaccurate imaging of tissues
and organs susceptible to motion [1]. In our study, analysis was per-
formed for data gathered from the static phantom. Therefore, the study
is free of potential influence of inaccuracy caused by movement. Be-
cause our therapeutic line is based on Varian products, the CTP504 was
the phantom that was used by us for data gathering [22]. To eliminate
the potential influence of the CT table on the images, the CTP504 was
placed on the CT table in such a way that the active (imaged) part of the
phantom was outside the table during the scanning process (Fig. 1a). To
reduce inaccurate image reconstruction at the edges of the active part
CTP504 with a full length of 20 cm, a 1 cm margin was used from each
side of the phantom. As a result, the scanned length was 22cm.
Therefore, total (for both helixes) CTDI,, and DLP were 35.2 mGy and
774.4mGy*cm. In contrast to conventional scanning (e.g. when a
polyenergetic spectrum of radiation with nominal energy of 120 keV is
used), total CTDI,, for the dual energy mode available on our CT
scanner is fixed and cannot be modified. This makes it impossible to
reduce the dose during scanning. Nevertheless, the total CTDI,,, for the
dual energy mode is not dramatically higher than every CTDI,, ob-
tained for conventional scanning. For example, in our hospital, for
conventional scanning and routinely used protocols, such as protocols
for the abdomen and head, the CTDI,, and DLP (for 22cm) were
14.9mGy and 327.8 mGy*cm (for abdomen), and 59.4 mGy and
1306.8 mGy*cm (for head). These values were obtained for the same
conditions (pitch and slice thickness) as used for dual energy scanning.

The monoenergetic CT images collected by the dual-energy mode
were evaluated in the light of parameters characterizing their quality.
The quantification analysis of linearity, uniformity, noise and signal to
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Fig. 4. Noise and signal to noise ratio in relation to the energies of monoenergetic CT images.

noise ratio, and low and high contrast resolution were performed by us
with the Artiscan software. The automation tools implemented in the
Artiscan software use well-known and widely accepted calculation
formalizations. The Artiscan automate manual and objective operations
were performed by the investigator for the analysis of linearity, uni-
formity, noise and signal to noise ratio. The classical assessment of low
contrast is based on measurements made by counting numbers of
visible targets by the investigator. To maintain reproducibility, the
measurements should be carried out by the same investigator and on
the same monitor screen with the same viewing conditions (same
window settings, same day, subdued ambient light). To minimize all
possible factors influencing the results and subjective interpretation of
the investigator, Artiscan software performs these measurements au-
tomatically. As in low contrast measurements, the classical (visual)
evaluation of high resolution is replaced by automated measuring.
While automation reduces the impact of inter-observer effect on the
obtained results, there is still a question of whether the detection made
by the computer is compatible to an average detection performed by
investigators in a classical way. Nevertheless, the concept of our study
prevents us from addressing this problem because the analysis was
based on the evaluation of the parameters computed always in the same
way (by Artiscan) between different monoenergetic CT images.

The results from the analysis of linearity (Fig. 2) clearly show that
CT-numbers counted for different materials at monoenergetic images
differ from one another and are different from CT-numbers counted on
polyenergetic images. It means that a potential use of any mono-
energetic images in radiation therapy planning, requires that individual
calibration curves are implemented for each of them. While individual
calibration curves require an absolute difference for evaluation
(Fig. 2a), the absolute relative differences (Fig. 2b) show the strength of
the absolute differences in the light of the HU ranges detected in
structures with specified relative electron density and imaged by dif-
ferent energies. The lowest differences between monoenergetic and
polyenergetic images were observed for the energy of 70keV (Fig. 2).
This is caused by the fact that the energy of 70 keV is a main component
of the polyenergetic spectrum of radiation used during scanning by the
dual energy mode. While the results of a high contrast resolution ana-
lysis were comparable for each energy (5 lp/cm), the results of analyses
for relative uniformity, low contrast resolution, noise and SNR allowed
us to select the best imaging energies. The highest relative uniformity
was detected for images reconstructed for energy of 70 keV (98.61%).
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The best results for low contrast resolution (Fig. 3) and the noise values
(Table 1) were observed for energies of 70keV and 60keV. Images
obtained for both of these energies were characterized by better signal
to noise ratios than polyenergetic images (Fig. 4 and Table 1). All the
results analyzed and discussed above were gathered in CTP504. Fig. 5
shows images of the head and neck anatomy gathered for mono-
energetic (for energies of 50keV, 70keV, 120 keV) and mixed (poly-
energetic) imaging.

Fig. 5 complement visually the data collected in Table 1. In con-
junction to the limitations of the double helix technique, we decided to
visualize the head and neck region characterized by relatively low
organ flexibility during scanning.

Using one calibration curve (e.g. calibration curve for polyenergetic
images) for different sets of monoenergetic images causes inaccuracies
of dose calculation. It results directly from the differences in linearity
between sets of monoenergetic images (Fig. 2) and their different re-
lative uniformity (Table 1). Fig. 6 shows an example of differences
between doses calculated on sets of images differing in energy (50 keV,
70 keV, 120 keV and polyenergetic images) while one calibration curve
(for polyenergetic images) was applied. The treatment plans were
prepared for Varian TrueBeam™ accelerator (Varian Medical Systems,
Palo Alto, CA, USA) using the Eclipse™ treatment planning system ver.
13.6 (Varian Medical Systems, Palo Alto, CA, USA). The analytic ani-
sotropic algorithm with the spatial resolution of 2.5 mm was used for
computing dose to the irradiated region. The same simple geometry of
the therapeutic beams (i.e. two lateral photon beams with 6 MeV en-
ergy, normalised in the same isocentre point) was used for each cal-
culation. As can be seen in Fig. 6, the smallest inaccuracies in the cal-
culation of the dose were observed for images obtained for the energy
of 70keV. This is due to the smallest differences of the linearity and
relative uniformity between these images and the polyenergetic images.
Nevertheless, it should be clearly noted that the usage of different sets
of monoenergetic images during dose calculation induces the need of
adding individual calibration curves for each set.

While the linearity and relative uniformity impact the accuracy of
the dose calculation, the noise, SNR and low contrast resolution impact
the clarity and detail of the images (Fig. 5) that can affect the accuracy
of the contouring for specific parts of patient's anatomy. Fig. 7 shows
the outlines of bones and the tongue prepared on four different sets of
images, i.e. on three monoenergetic sets with energies of 50 keV, 70 keV
and 120 keV, and on one set of polyenergetic images.
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Fig. 5. Head and neck anatomy gathered for (a-c) monoenergetic imaging (respectively: a) 50 keV, b) 70keV, c) 120 keV), and (d) mixed (polyenergetic) imaging.
For each image the same displaying settings were used (window width: 1160 and level: 140).

The bones were outlined automatically, and the tongue was outlined
manually by a well experienced radiation oncologist. 70 keV images
were indicated by the radiation oncologist as the clearest and most
useful during segmentation. Therefore, the outlines performed on this
set of images was established as the reference for outlines performed on
the other sets of images (50keV, 120keV and polyenergetic).
Differences between referenced outline and the other outlines were
analysed by the Sgrensen-Dice coefficient (DSC) [23,24] and by the
relative volumes of the outlined structures. The DSC was defined in this
example as:

2(Ve N Vx)
Ve + Vx

DSC =
(8)
where Vj is the volume of structure obtained during segmentation on
the set of 70 keV images, V, is the volume of structure obtained during
segmentation on the other sets of images and

Vr N Vx is a common part of these volumes.

The relative volumes (Vo) were defined in per cent as the relation
between the volume of the structure obtained during segmentation on
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the other sets of images (Vx) to the volume of structure obtained during
segmentation on the set of 70 keV images (V).

Table 2 shows the results of analysis for the differences between the
reference outline and the other outlines. For both methods of segmen-
tation (automatic for bones and manual for tongue), the differences
between the coverage of the outlines performed on different sets of
images as well as the differences in relative volumes were detected.
These differences can affect the dose distribution in the treatment plans
for dynamic techniques of radiotherapy (e.g. intensity modulated
radiotherapy or volumetric modulated arc therapy) where inverse
planning is used.

Both of these examples are limited to one patient and one in-
vestigator (physicist in the first example and radiation oncologist in the
other one). Therefore, it should be interpreted as a clinical illustration
of our analysis rather than a fundamental part of our study. In future
studies, reconstructed monoenergetic scans for 70 keV will be analyzed
for clinical use for tumor and organs at risk delineation.

Taking the results of this study, the energy of 70 keV was selected as
potentially the best for the reconstruction of monoenergetic images.
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Fig. 6. The differences between doses calculated on four different sets of images (i.e. three sets of monoenergetic images with energies of 50 keV, 70 keV, 120 keV and
one set of polyenergetic images) while one calibration curve (for polyenergetic images) was applied.
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Fig. 7. The outlines for the bones (automatic segmentation) and for the tongue (manual segmentation) prepared on four different sets of images, i.e. on three
monoenergetic sets with energies of 50 keV, 70 keV and 120 keV and on one set of polyenergetic images.
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Table 2
The differences between the outlines obtained from set of 70 keV images and
the outlines from the sets of 50keV, 120 keV and polyenergetic images.

Structure: Bones Tongue

Method of segmentation: Automatic Manual

Reference outlines: 70 keV DSC Viorm [%] DSC Viorm [%]
50 keV: 1.000 109.1 0.994 117.0
120 keV: 0.940 89.0 0.995 131.7
polyenergetic images: 0.976 99.8 0.996 101.7

DSC - Sgrensen-Dice coefficient between the structure contoured on X set of
images and the same structure contoured on the set of images with energy of
70keV.
Vhorm [%] — Volume of the structure contoured on X set of images, normalised
to volume of the same structure contoured on the set of images with energy of
70 keV.

5. Conclusion

To improve relative uniformity, low contrast resolution, noise and
signal to noise ratio, monoenergetic CT sets of images reconstructed
from dual energy CT scanning can be used. The best results of the above
pointed parameters were obtained for images reconstructed for energy
of 70 keV that are potentially the best for radiotherapy treatment plan
preparation.
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ARTICLE INFO ABSTRACT

Purpose: To evaluate the use of pseudo-monoenergetic reconstructions (PMR) from dual-energy computed to-
mography, combined with the iterative metal artefact reduction (iMAR) method.

Methods: Pseudo-monoenergetic CT images were obtained using the dual-energy mode on the Siemens Somatom
Definition AS scanner. A range of PMR combinations (70-130 keV) were used with and without iMAR. A Virtual
Water™ phantom was used for quantitative assessment of error in the presence of high density materials: tita-
nium, alloys 330 and 600. The absolute values of CT number differences (AD) and normalised standard de-
viations (NSD) were calculated for different phantom positions. Image quality was assessed using an anthro-
pomorphic pelvic phantom with an embedded hip prosthesis. Image quality was scored blindly by five observers.
Results: AD and NSD values revealed differences in CT number errors between tested sets. AD and NSD were
reduced in the vicinity of metal for images with iMAR (p < 0.001 for AD/NSD). For ROIs away from metal, with
and without iMAR, 70 keV PMR and pCT AD values were lower than for the other reconstructions (p = 0.039).
Similarly, iMAR NSD values measured away from metal were lower for 130 keV and 70 keV PMR (p = 0.002).
Image quality scores were higher for 70 keV and 130 keV PMR with iMAR (p = 0.034).

Conclusion: The use of 70 keV PMR with iMAR allows for significant metal artefact reduction and low CT
number errors observed in the vicinity of dense materials. It is therefore an attractive alternative to high keV
imaging when imaging patients with metallic implants, especially in the context of radiotherapy planning.

Keywords:

Metal artefact reduction

Dual energy CT

iMAR

Quality of CT images
Imaging for radiation therapy

nodes.
An important application of DECT is the reduction of artefacts

1. Introduction

Dual-energy computed tomography (DECT) is increasingly used to
improve general image quality of computed tomography (CT) in brachy
and radiotherapy planning [1-4]. Several technical solutions of DECT
have been proposed [5-11], providing additional information on linear
attenuation coefficients and allowing for pseudo-monoenergetic re-
construction (PMR) of CT images. It has been shown that 70 keV re-
constructed PMR images have superior uniformity, low contrast re-
solution and signal to noise ratio in comparison to conventional
polyenergetic CT (pCT) [12,13]. In these studies, the main goal was to
appropriately differentiate between the tissues/materials of different
elemental compositions represented by very similar CT numbers on the
pCT images such as calcified plaques and iodine-containing lymph

generated by high density materials present in patients’ implanted de-
vices. Typical metal artefacts occur predominantly due to two physical
effects: photon starvation and beam hardening, which increase the
image noise and produce “signal bands”; both of these effects create
insufficient soft tissue contrast [14,15].

These artefacts significantly limit the ability to evaluate adjacent
anatomic structures on standard pCT images [16]. One possible solution
is a use of high tube voltages of up to 140 kV, resulting in reduction of
beam hardening. It was shown that the use of pseudo-monoenergetic CT
images, reconstructed for energy that ranged from 120 keV to 150 keV,
provided a significant reduction of artefacts caused by metallic implants
[17-21]. Zhou et al. [22] reported the lowest metal artefacts at 130 keV.
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Fig. 1. Experimental setup, Phantom 1: (a) plain inserts, (b) plain inserts with a single high density insert, (c) titanium, alloy 330 and alloy 600 inserts and (d) CT

image with the high density insert and location of three regions of interest.

Table 1
The chemical composition and density of inserts used in the study.
Chemical Composition Insert
Titanium Alloy 330 Alloy 600
Main Components Ti: > 99.9% Fe: 39% NiCo: 72%
NiCo: 37% Cr: 17%
Cr: 19% Fe: 10%
Supplementary Components Fe: 0.25% Si: 2.6% Mn: 1%
0: 0.25% Mn: 1.5% Cu: 0.5%
C: 0.08% Cu: 0.5% Si: 0.5%
N: 0.03% Ti 0.2% C: 0.15%
H: 0.02% C: 0.1% S: 0.015%
S: 0.03%
Density [g/cm®] 4,51 7.86 8.47

Another method is the iterative metal artefact reduction algorithm
(iMAR), which uses a sinogram inpainting technique incorporating
high-frequency data from standard weighted filtered back projection
reconstructions [23-25]. A recent study by Kim et al. [26] demonstrates
superiority of the iMAR method over the DECT metal artefact reduction
technique, facilitating visualization of the acetabular cortex in a loos-
ening hip phantom model. A similar observation, but performed on a
wider spectrum of clinical cases, was made by Bongers et al. [15].
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Moreover, that study highlighted a significant benefit of combining the
130 keV PMR with iMAR in quantitative analysis of very pronounced
metal artefacts caused by dental implants. For smaller artefacts (e.g.
caused by unilateral hip prosthesis), the benefit of combining 130 keV
reconstructed from DECT and iMAR was not confirmed. This is in line
with the Lim et al. study [27], which reported comparable results ob-
tained for DECT combined with iMAR and pCT combined with iMAR for
a unilateral hip prosthesis.

In this study, we evaluated the use of pseudo-monoenergetic re-
constructions (PMR) from dual-energy computed tomography (DECT),
combined with the iterative metal artefact reduction (iMAR) method.
We investigated general image quality, artefact reduction effectiveness
and CT number errors caused by the presence of dense materials
commonly used in implanted devices.

2. Material and method
2.1. Test objects

Phantom 1: Virtual Water™ (Gammex RMI, Middleton, WI, USA). A
30 cm diameter cylindrical phantom composed of 18 cm thick solid
water with a matrix of 20 removable inserts. Plain inserts matching the
rest of the phantom density of 1.018 g/cm® were used in the study
(Fig. 1a). One of the inserts was subsequently replaced with a high
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M1 =35HU
M2 = 640 HU

M3 =43 HU
M4 = -280 HU
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Fig. 2. Phantom 2: custom made, anthropomorphic phantom of the pelvic region with unilateral hip prosthesis. The phantom was filled with water and contains
bladder (M1 ROI mean = 35 HU), bones (M2 ROI mean = 640HU) and soft- tissue structures: prostate (M3 ROI mean = 43 HU) and rectum (M4 ROI mean = 280

HU).
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Fig. 3. The absolute value of CT number differences (AD) obtained for different energies, inserts and methods of reconstruction, for each ROI separately (Phantom 1).

density insert (Fig. 1b-c). Three different materials commonly used in
hip endoprosthesis implants were tested: titanium, alloy 330 and alloy
600 (Fig. 1c). The chemical composition and the density of the inserts
are summarised in Tablel.

Phantom 2: An anthropomorphic water filled
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polymethylmethacrylate (milled PMMA) pelvic phantom (maximum
dimensions: A-P: 230 mm, R-L: 375 mm, S-I: 450 mm). The phantom
included 3D printed male bones (pelvic bone and femurs with femoral
heads) made from gypsum using a binder jetting technology (Fig. 2b)
[28-30]. In addition, the phantom contained soft tissue structures:
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(Phantom 1).

prostate (agarose gel) [29], rectum (mixture of wax and paraffin) [31]
and bladder (mixture of water and soap). Volumes of prostate, bladder
and rectum were 26 cm?, 360 cm® and 50 cm?® respectively [32,33]. All
inserts were made to achieve a CT number similar to structures re-
presented (Fig. 2a). The stem of the endoprosthesis is made of ISOTAN®
F (Ti - titanium) and the cup is made of ISODUR® F (CoCrMo - Cobalt-
chromium alloy).

2.2. CT image acquisition and reconstruction

Images were obtained using the Somatom Definition AS scanner
(Siemens Medical Solutions, Erlangen, Germany). The phantoms were
scanned with routine settings using SAFIRE algorithm, without CARE-
DOSE. The pelvis protocol (120 kV, 270 mAs, 1.0 pitch, 64 x 0,6 mm
acquisition, 3 mm slice thickness, kernel Q30s) was used during the pCT
scanning. DECT was performed using a two consecutive scans technique
(first scan: 80 kV, 540 mAs, 0.6 pitch, 64 X 0,6 mm acquisition, 3 mm
slice thickness; second scan: 140 kV, 128 mAs, 1.2 pitch, 64 X 0,6 mm
acquisition, 3 mm slice thickness, kernel Q30s). Standard pCT and four
monoenergetic CT sets of images (70, 90, 110 and 130 keV) were re-
constructed twice: once with and once without the iMAR algorithm.
The CTDIvol was 22.13 mGy for pelvis protocol and 13.10 mGy and
15.27 mGy for first and second DE scan, respectively.

2.3. Quantitative image analysis

Mean CT numbers were obtained for three circular regions of in-
terest (ROI) and all Phantom 1 data sets, using Artiscan software
(AQUILAB, Loos les Lille, France). Fig. 1d shows ROIs distribution in
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the phantom with ROI_1 positioned in the vicinity of the high-density
material.

The absolute value of CT number differences (AD) and the nor-
malised standard deviations of CT numbers (NSD) were used to com-
pare the data acquired for all combinations of PMR, pCT, iMAR and
tested inserts [34,35]. These were defined as:

AD = |CTHMMb€VRori,Ej,1n,Reconk — CTnumber;;| 1
and
B SD(CTnumbergor,g; 1, Recony.)
SD (CTnumber;f) (2

where: CTnumberROIi,Ejyln,Rmnk is the mean CT number value for the ith
ROI (ROIy, nth insert (I,) in an image obtained with energy j (E;) and
reconstructed with method k (Recony). SD (CTnumbergor, Ejyln,Remk) is the
standard deviation for the same ROI. SD(CTnumber,.p) and CTnumber, .
are the standard deviation and average of CT numbers from all ROIs for
a reference image without a high-density insert (E; energy, no iMAR).

CT numbers were defined according to Coolens and Childs [34] as
HU plus 1000, in order to associate zero attenuation with a CT number
of 0 rather than —1000.

The statistical dispersion and central tendency of ROIs were tested,
respectively by Kolmogorov-Smirnov and Mann-Whitney tests [36].

Differences between ADs and NSDs obtained for all CT sets were
tested using Wilcoxon test for two paired data sets (e.g. with and
without iMAR reconstruction) and Friedman test (comparison of mul-
tiple data sets, e.g. energy), respectively. Multiple pairwise comparisons
were accounted for Friedman test using Nemenyi’s procedure. All tests
were performed with a 0.05 significance level.
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Table 3
Summary of the qualitative analysis. Pseudo-monoenergetic and polyenergetic
CT (pCT) images without (Group A) and with iMAR reconstruction (Group B).

Group A

Observer pseudo-monoenergetic CT images [keV] pCT images
70 90 110 130

1 0 1 2 3 0

2 0 2 1 3 0

3 0 0 2 3 1

4 0 1 3 2 0

5 0 0 3 2 1

Total Score 0 4 11 13 2

Group B

Observer pseudo-monoenergetic CT images [keV] with pCT images with
iMAR iMAR
70 90 110 130

1 2 0 0 1 3

2 3 0 0 2 1

3 3 2 0 1 0

4 2 0 1 3 0

5 1 0 0 3 2

Total Score 11 2 1 10 6

2.4. Qualitative image assessment

CT image sets acquired using Phantom 2 were evaluated by five
Medical Physics Experts (MPEs). The readers were blinded to the type
of reconstruction (e.g. PMR keV, use of iMAR). The evaluation criteria
included: (a) efficiency of metal artefact reduction, (b) noise level and
(c) high contrast resolution. All the axial images for each series were
used.

In the first evaluation a set of pCT and four sets of pseudo-mono-
energetic CT images (70, 90, 110 and 130 keV) that had been re-
constructed without iMAR were used (Group A). Next, the corre-
sponding of images that had been reconstructed with iMAR were scored
(Group B). Readers were asked to assign scores (1-3) to three best
image sets per group, where a score of 3 indicated the best image
quality. They were also asked to indicate their dominant evaluation
criterion (a—c).

In the last round, readers were asked to indicate the better set of CT
images in a paired comparison, where a set of images from Group A was
compared with the corresponding set from Group B.

Differences between scores obtained from the first two evaluations
were tested using the Friedman test. Paired image comparison (Group A
vs. Group B) scores were assessed using the sign test. Both tests were
performed with a 0.05 significance level.

3. Results
3.1. Quantitative assessment

Figs. 3 and 4 show, respectively, AD and NSD calculated for dif-
ferent energies, inserts and methods of reconstruction, for each ROI
separately.

There was a statistical difference between the AD and the NSD
measured for ROI_1 and ROI 2/ROI 3 (p < 0.05), and no difference
between ROI 2 and ROL 3 (p = 0.346 and p = 0.848 for AD and NSD
respectively).

Results of statistical analysis of AD and NSD for different energies,
inserts and use of iMAR (Figs. 3 and 4) are summarised in Table 2.

For ROI_1 the use of iMAR resulted with a significant reduction of
AD (p < 0.001) and NSD (p < 0.001). There were no significant
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differences between ROI_1 AD (p = 0.153) or NSD (p = 0.113) ob-
served for different PMR energies with iMAR.

For ROI_2 and ROI_3 AD values were significantly lower for pCT and
70 keV PMR with and without iMAR (p < 0.039). Significantly lower
NSD was observed in ROI_2 and ROI_3 for 130 keV PMR and 70 keV
PMR (p = 0.002) with iMAR.

3.2. Qualitative assessment

The results of the qualitative evaluation (Phantom 2) are sum-
marised in Table 3. The quality of images reconstructed with iMAR was
superior to those without iMAR (p < 0.001). Of the images re-
constructed without iMAR (Group A, Table 3), the 130 keV pseudo-
monoenergetic CT were scored as having the best image quality (13
points, p = 0.004). The 110 keV PMR images scored second best (11
points). Readers indicated that efficacy of the metal artefact reduction
was their dominant scoring decision criterion in this group.

There was more scoring discrepancy for the CT images with iMAR
(Group B, Table 3). The differences in scores for different PMR and pCT
were statistically significant (p = 0.034) but two best PMR sets had
comparable score (70 keV: 11 points and 130 keV: 10 points). As in the
previous group, reduction of metal artefacts was the dominant in-
dicated criterion. In addition, readers who scored the 70 keV PMR
images supported their choice by better noise reduction and those who
selected 130 keV PMR, by better high contrast resolution.

Representative pCT, 70 keV and 130 keV pseudo-monoenergetic
images acquired for Phantom 2, with and without iMAR are presented
in Fig. 5.

4. Discussion

Several techniques have been proposed for reducing artefacts in
clinical CT images due to a presence of dense materials present in im-
planted devices. These include higher energy DECT reconstructed
images and iterative reconstruction metal reduction techniques.
Combinations of the two techniques have previously been studied
[24,26,27]; however, systematic assessment of general image quality,
artefact reduction effectiveness and CT number errors caused by the
presence of implants, performed for a range of keV pseudo-mono-
energetic reconstructions, have not yet been reported. The goal of the
comparisons performed in this study was to explore optimal choice of
pseudo-monoenergetic reconstructions combined with iMAR metallic
artefact reduction. We explored parameters allowing for a good com-
promise between metal artefact reduction whilst maintaining good
overall image quality and reliable CT numbers estimates, which are
important in the context of radiotherapy planning.

The routine quality evaluation methods and phantoms allow de-
termining parameters such as linearity, low and high contrast resolu-
tion, uniformity, noise and signal to noise ratio. Most of them, however,
are not suitable to assess image quality in the presence of metallic
materials. In this study we carried out highly reproducible tests using
test objects that allow for quantitative assessment in a well geome-
trically defined phantom with various custom made inserts.

While the evaluation of the reduction of metal artefacts usually
focuses on the regions located within close proximity of to the high-
density materials, the impact on overall image quality should be per-
formed taking the whole image into account. We therefore decided to
select several regions of interest in the phantom that were used in the
quantitative analysis.

The evaluation metrics used in this study were the absolute value of
CT number differences (AD) and normalised standard deviation of CT
number (NSD). AD relates to an increase or decrease of the average
value of CT numbers, which would lead to miscalculation of relative
electron or physical densities and subsequent radiotherapy dose errors.
NSD indicates variances of the CT number caused by different values of
Hounsfield units in the specified ROIL For the homogenous phantom, as
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polyenergetic image, standard reconstruction

130 keV image, standard reconstruction
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polyenergetic image, iMAR reconstruction

130 keV image, iMAR reconstruction

Fig. 5. Representative pCT, 70 keV and 130 keV pseudo-monoenergetic images with and without iMAR (Phantom 2).

that of Fig. 1a, the variances are expected to be small at the absence of
high-density inserts. They increase significantly when images contain
metallic inserts, which enables evaluation of the metal artefact in dif-
ferent parts of the image.

Our results show that the lowest NSDs were observed for PMR of the
70 keV and 130 keV images with iMAR reconstruction. These results
were significantly better than for other pseudo-monoenergetic CT or
pCT images. Moreover, while for iMAR images a significant reduction
of AD and NSD was evident in the ROI placed near the high density
insert, a further benefit of the high energy selection (e.g. 130 keV) on
decreasing AD or NSD was not observed. These observations suggest
that the combination of 70 keV PMR with iMAR results in a very good
reduction of metal artefacts and a superior image quality in comparison
with higher PMR and pCT images.
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In order to further investigate these findings, a custom-made an-
thropomorphic phantom of pelvic region with unilateral hip prosthesis
was prepared and imaged using combinations of the PMR and iMAR
methods. In the absence of iMAR, the qualitative image evaluation re-
vealed the highest score in 130 keV pseudo-monoenergetic images,
which is in line with previous studies [22]. Overall, the sets of CT
images in Group A (PMR without iMAR) were rated as having lower
image quality than the sets of CT images in Group B (PMR with iMAR).
In Group B, the PMR of 70 keV was top rated and 130 keV was rated
second best, with a comparable score (11 and 10 respectively).

One of the limitations of this qualitative analysis was that it was
performed by Medical Physics Experts, without involvement of radia-
tion oncologists or radiologists. The analysis was, however, performed
using a simplified anatomical model allowing for easy assessment of
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pronounced compartments and structures. The choice of geometries
and materials might not fully reflect important clinical regimes, such as
small structures and subtle pathology, which might not be easily vi-
sualised. This might be especially true for the lower energy PMR such as
70 keV. This warrants further clinical evaluation, for which radiology
input and review of the imaging will be essential.

5. Conclusion

The use of 70 keV PMR with iMAR allows for significant metal ar-

tefact reduction and low CT number errors observed in the vicinity of
dense materials. It is therefore an attractive alternative to high keV
imaging when imaging patients with metallic implants, especially in the
context of radiotherapy planning.
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Accuracy of the doses computed
by the Eclipse treatment planning
system near and inside metal
elements

Bartosz Pawatowski2, Adam Ryczkowski'3, Rafat Panek*®, Urszula Sobocka-Kurdyk™¢,
Kinga Graczyk® & Tomasz Piotrowski'***

Metal artefacts degrade clinical image quality which decreases the confidence of using computed
tomography (CT) for the delineation of key structures for treatment planning and leads to dose errors
in affected areas. In this work, we investigated accuracy of doses computed by the Eclipse treatment
planning system near and inside metallic elements for two different computation algorithms. An
impact of CT metal artefact reduction methods on the resulting calculated doses has also been
assessed. A water phantom including Gafchromic film and metal inserts was irradiated (max dose

5 Gy) using a 6 MV photon beam. Three materials were tested: titanium, alloy 600, and tungsten. The
phantom CT images were obtained with the pseudo-monoenergetic reconstruction (PMR) and the
iterative metal artefact reduction (iMAR). Image sets were used for dose calculation using an Eclipse
treatment planning station (TPS). Monte Carlo (MC) simulations were used to predict the true dose
distribution in the phantom allowing for comparison with doses measured by film and calculated

by TPS. Measured and simulated percentage depth doses (PDDs) were not statistically different
(p>0.618). Regional differences were observed at edges of metallic objects (max 8% difference).
However, PDDs simulated with and without film were statistically different (p <0.002). PDDs
calculated by the Acuros XB algorithm based on the dose-to-medium approach best matched the MC
reference regardless of the CT reconstruction methods and inserts used (p>0.078). PDDs obtained
using other algorithms significantly differ from the MC values (p <0.011). The Acuros XB algorithm
with a dose-to-medium approach provides reliable dose calculation in all metal regions when using
the Varian system. The inability of the AAA algorithm to model backscatter dose significantly limits its
clinical application in the presence of metal. No significant impact on the dose calculation was found
for arange of metal artefact reduction strategies.

An increasing number of patients with metallic implants are treated with radiotherapy and so it is important to
better understand the impact of these elements on the treatment process. The proximity of a metal object causes
streaking image artefacts observed in the computed tomography (CT) scans deteriorating diagnostic quality
and ability to confidently delineate structures such as organs at risk and tumours'~. Misrepresentation of CT
numbers can also cause errors in calculated linear attenuation coeflicients leading to significant errors in dose
calculation in affected areas*. The simple density override method, covering the affected area by contour with
manually corrected CT numbers, can reduce the dose calculation error®. However, this method doesn’t improve
visualization of areas affected by artefacts, which is important for accurate delineation of anatomical structures.
Several metal artefact reduction methods were proposed, such as the iterative metal artefact reduction (iMAR)
algorithm®®, the dual-energy method (enabling the pseudo-monoenergetic reconstruction (PMR) of CT images
created for specified photon energy)®, and a unique technique based on the use of megavoltage CT imaging on
the tomotherapy units!®!'. Combinations of PMR and iMAR methods have been previously investigated and
demonstrates significant reduction of metal artefacts and low CT number errors observed in the vicinity of dense
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(b)

Figure 1. (a) A photograph of the water phantom with submerged holder made in 3D printing technology for
a Gafchromic film and metallic inserts. (b) A cut in a half metal insert made of titanium, alloy 600 and tungsten
used in this study.

materials'?. Besides errors due to the presence of artefacts, there is also doubt related to the precision of dose
calculation in the presence of high-density materials'. These metal elements lead to higher beam attenuations
and reveal interface phenomena caused by backscatter radiation'. For precise dose calculation, these perturba-
tions have to be accounted for. Currently, only algorithms utilising the medium for dose transport and calculation
can model this accurately'®. However, there is still a lack of comprehensive analysis of different metal artefact
reduction methods and their impact on algorithms used for dose calculations. Many authors verified the impact
of metals on the radiotherapy process, however, most of them used only one metal which can be insufficient for
understanding the behaviour of the algorithms and their limitations'®'®. Our work focused on obtaining a Monte
Carlo validated simulation of three metals with different, clinically relevant densities and comparing them with
different dose algorithm calculations using a range of MAR methods. In particular, we assess: (1) the accuracy
of dose computation using Acuros XB and AAA (analytical anisotropic algorithm) calculation algorithms near
and inside the metal structures, and (2) the impact of different methods for metal artefact reduction in CT on
the accuracy of doses computed through these algorithms.

Materials and methods
Dose measurements. A 25x25x 30 cm’ water phantom with holder for Gafchromic film and metal inserts
was fabricated (Fig. 1a). A 3D printed holder was designed to allow for the placement of the Gafchromic film
parallel to the beam axis and to fix the removable cylindrical inserts at a precisely defined depth. The distance
between the top edge of the Gafchromic film and the center of the insert was 5 cm.

Specific information about phantom components:

(1) Phantom holder: Original Prusa i3 MK3S + 3D printer (Prusa Research; Prague, Czech Republic) was used
to print the phantom holder in fused deposition modeling technology with polylactic acid filament!*2.

(2) Inserts: The cylindrical inserts (2.8 cm diameter and 7 cm length), consisting of two halves (Fig. 1b), were
made from three high-density materials: titanium, alloy 600, and tungsten with physical densities of 4.5,
8.5, and 19.4 g/cm?, respectively'?. The dimensions of inserts allowed to position them in both dosimetric
and CT calibration (Virtual Water™, described below) phantoms.

(3) Film: Self-evoking EBT3 Gafchromic films (Ashland Inc., Wilmington, Delaware, USA). The films are made
of an active layer with a thickness of 28 pum, located between two layers of matte-polyester substrates with
a thickness of 125 um. These films allow to measure the doses (optimal range from 0.2 to 10 Gy) obtained
by radiation beams with energies ranging from 100 to 18 MeV. The film"s response is independent of tem-
perature, atmospheric pressure, and the direction of the irradiation beam?"*2. To avoid delamination and
the water immersion effect, whole EBT3 sheets (20.3 cm x 25.4 cm) were placed in the 3D printed watertight
holder.

The phantom including EBT3 film insert was filled with water up to the top edge of the film (Fig. 1a) and
positioned on the accelerator couch. The source to phantom water surface distance, SPD, was 100 cm for all
measurements. Central-axis percentage depth doses (PDD) were measured and simulated for a 6 MV photon

Scientific Reports | (2022) 12:5974 | https://doi.org/10.1038/s41598-022-10072-8 nature portfolio



www.nature.com/scientificreports/

TITANIUM

=3
=3
©
>
o
-l
-
<

TUNGSTEN

Standard CT Standard CT 70 keV PMR 70 keV PMR 130 keV PMR 130 keV PMR

iMAR iMAR iMAR

Figure 2. CT images of the phantom with titanium, alloy 600, and tungsten inserts obtained using a
range of reconstruction modes. PMR pseudo-monoenergetic reconstruction, iMAR iterative metal artefact
reconstruction.

beam produced by the TrueBeam accelerator (Varian Medical Systems, Palo Alto, USA). Films were irradiated
with a dose of 5 Gy defined at the point of maximum dose located at 15 mm below water surface. The beam field
size was 10 cm x 10 cm oriented perpendicular to the water surface and the central axis (CAX) of the beam was
in the middle of the film.

For the dose calibration curve, EBT3 film was cut into nine pieces (3 cm x 3 cm) and irradiated with a photon
beam (10 cm x 10 cm, 6 MV) in ranges from 1 to 10 Gy.

The films were scanned 30 h after being irradiated using the Epson Perfection 750 Pro scanner (Seiko Epson
Corporation, Japan) with the following parameters: no color correction, transmission mode, portrait orientation,
48-bit Red-Green-Blue (RGB)?. The scan resolution was 72 dpi for calibration and measurements. Scans were
then analysed using Film Analyze 1.8 (PTW Freiburg, Freiburg, Germany; single red channel analysis from RGB).

Dose calculations. The phantom images were acquired using a Somatom Definition AS scanner (Siemens
Medical Solution, Erlangen, Germany). Two sets of CT images were obtained: (1) standard CT pelvis protocol
(120 kV, 270 mAs, 0.6 pitch, 64 x 0.6 mm acquisition, 3 mm slice thickness, 2.0 mm increment, kernel B30s,
extended CT scale) and (2) a dual-energy mode based on the two consecutive scan technique (first/second scan:
80 kV, 540 mAs/140 kV, 128 mAs; 0.6 pitch, 64 x 0.6 mm acquisition, 3 mm slice thickness, 2.0 mm increment,
kernel B30f., extended CT scale) and used to obtain 70 and 130 keV PMR sets. The standard CT and 70 and
130 keV PMRs were reconstructed twice for each insert: once with and once without the iMAR algorithm (Sie-
mens Medical Solution, Erlangen, Germany) (Fig. 2).

Eclipse v.16.0 (Varian Medical Systems, Palo Alto, USA) treatment planning system (TPS) was used in the
study. The doses for each plan (each CT reconstruction) were normalised to the maximum depth and calculated
by two available options: Acuros XB v.16.1.0 and AAA (i.e., analytical anisotropic algorithm) v.16.1.0 algorithms.
In the case of Acuros XB calculations, two approaches: dose-to-medium and dose-to-water were considered.
AAA calculations were based on CT density calculated by CT scanner and real CT value estimated from density.
The spatial resolution of 1 mm was used for all calculations.

Six energy-dependent conversion curves (i.e., for each energy of CT reconstruction and for each class of
calculation algorithm) were prepared for dose calculations. The curves were obtained using Virtual Water™
phantom (Gammex RMI, Middleton, WI, USA), with various inserts and different tissue densities'?. The Virtual
Water™ phantom was scanned using the same parameters as for the water phantom. Images were reconstructed
for standard CT, 70 keV PMR, and 130 keV PMR series.

The segment high-density material option, available in the Eclipse TPS, was used for the insert contouring
purposes. This tool finds and outlines structures with mass densities larger than 3 g/cm?. For the AAA algorithm,
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three energy-dependent CT numbers to electron density conversion curves relative to water were obtained. The
whole range of CT numbers reconstructed in the insert during imaging was used for dose calculation by the AAA
approach based on CT density. The real CT approach, used for dose calculation, manually overrides the value
of the CT number with the mean value from the whole range of CT numbers detected in the insert. Conversion
curves were also calculated for Acuros XB. The Acuros XB-13.5 material table was used for the Acuros material
assignment including titanium alloy (titanium insert), stainless steel (alloy 600), and gold (tungsten). Tungsten
material is not currently available for Acuros XB, and gold was used instead due to its comparable density (19.3 g/
cm?® and 19.4 g/cm?® for gold and tungsten respectively).

Monte Carlo simulations. The Geant4 toolkit v.10.05.p01 was used for the Monte Carlo (MC) simulation
of the dose distribution in our phantom for each insert (parallel computations, 5 dual Xeon processors, 32 GB
RAM each). As a primary generator, data from phase space files provided by Varian were used®. Fifty-five files
for the 6 MV photon beam were used in total, each one was iterated twenty times. Two phantom configurations
were modelled for dose calculations: (1) MC,,, with the information of dose deposited in the film corresponding
to the measurement condition in the water-filled phantom with the EBT3 film placed between the two halves of
the insert, and (2) MC,, corresponding to dose calculation in Eclipse TPS without the film present. For MC,,,
the information of dose deposition, unlike MC,,.,, was not collected for the film but in water and the insert.
Simulations in both configurations were performed under the same conditions matching experimental irradia-
tion conditions described earlier.

Data analysis. The PDDs obtained from direct measurements, MC simulations, and Eclipse TPS calcula-
tions were compared on depths ranging from 15 to 85 mm, where 0 mm corresponds to the water surface. In
particular, the PDDs comparisons were made between: (1) experimental, measured (EBT3) versus simulated
MC,,, (validation of MC simulated PDD), (2) MC,,, versus MC,, (influence of film on PDD) and (3) MC,,,
versus Eclipse TPS (comparison of MC simulated and TPS calculated PDDs for different algorithms and for dif-
ferent reconstruction methods).

The comparison was made in five regions:

water in front of the insert (15-34 mm),

input edge of the insert+2 mm (34-38 mm),
the insert (38-62 mm),

output edge of the insert+ 2 mm (62-66 mm),
water behind the insert (66-85 mm).

Al o

Mean dose differences were calculated for all regions and PDDs. Kolmogorov-Smirnov and Pearson tests
were used to test differences between means and correlations with a 0.05 significance level.

Results

EBT3 film measurements versus MC,,., comparison. Measured PDDs agree well with those simu-
lated for every insert (Fig. 3) with mean PDD values strongly correlated and not statistically different (p>0.618,
R>0.998) (Table 1). Regional analysis show that the highest differences between measured and simulated doses
were observed in the regions of insert edges. The maximum difference was 8% and was detected for the input
edge of the tungsten insert (Fig. 3). The highest mean differences were seen on the input (3%) and output (- 3%)
edges of alloy 600 insert (Table 1). In other regions, the maximum differences were within + 2%, and the mean
differences were lower than 1% for every insert.

MC,,., versus MC,,, comparison. The PDDs simulated for measurement condition, MC,,,, significantly
differ from those simulated for TPS condition, MCy, (p <0.002) (Fig. 4a). The PDD values in the insert region
for MC,,, (Fig. 4c) were on average lower by 23% (titanium), 26% (alloy 600), and 37% (tungsten) than corre-
sponding MC,,., values (Fig. 4b). In the region behind the insert, PDDs from MC,,, were on average lower by 4%
(titanium), 7% (alloy 600), and 12% (tungsten) than PDDs from MC,.,.

MC,,, versus TPS comparison. The best match to the MC,;, PDDs was observed for the PDDs calculated
by the Acuros XB algorithm based on the dose-to-medium approach (AXBp,,) (Fig. 5). PDDs obtained from
AXBp,y calculations were similar to MCy,, PDDs regardless of the CT reconstruction methods and inserts used
(p>0.078, R>0.987) (Table 2). In contrast, PDDs obtained using other algorithms significantly differ from the
MC,, PDD (p<0.011).

The PDDs calculated by the Acuros XB algorithm based on the dose-to-water approach (AXBp,,) was grossly
overestimated in the insert region. The mean dose differences between the AXBp,, and the MC,,;, PDDs in this
region, depending on CT reconstruction mode, ranged from 43.6 to 45.0% for titanium, 43.0 to 45.6% for alloy
600, and 61.1 to 62.5% for tungsten. In the water regions (both in front and behind the inserts) the mean dose
differences between AXBp,, and the MC,,,, PDDs were lower than 2% for each CT reconstruction mode. The
PDDs obtained from AAA calculations are more comparable to the MC,, for the true density (AAAqp) than
for the CT density (AAA() based approach (Fig. 5). In the region in front of the insert, both approaches of
AAA dose calculations agree with MC,,, (differences <2%). In the input/output edge of the insert due to lack of
backscattered radiation, the differences between MC,;, simulation and doses calculated by both AAA methods
were, respectively, up to 10% for titanium, 15% for alloy 600, and 50% for tungsten. In the region behind the
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Figure 3. The comparison of dose differences and PDDs for measured (EBT3) and simulated (MC,,.,) PDDs
for titanium, alloy 600, and tungsten inserts.

Titanium | Alloy 600 | Tungsten

Mean dose difference (and standard deviation) [%]

Water in front of the insert 0.3(0.3) 0.2 (1.0) -0.1(1.2)
Input edge of the insert (+2 mm) 1.4 (2.6) 3.0 (3.7) 2.6 (4.6)
The insert 0.1(0.7) 0.3 (1.0) -0.1(1.4)
Output edge of the insert (+2 mm) -21(1.6) |-3.0(.6) |-1.6(3.4)
Water behind the insert 0.0 (1.2) -0.6(1.0) [0.1(L.2)

Comparison of whole PDDs (from 15 to 85 mm)

Similarity of distribution (Kotmogorov-Smirnov test) | p=0.962 p=0.758 | p=0.618

Coefficient of correlation (Pearson corelation test) R=0.998 R=0.998 R=0.999

Table 1. Measured (EBT3) and simulated (MC,,.,: Monte Carlo; measurement conditions) percentage depth
doses, and mean dose difference (EBT3—MC,,.,) for selected regions.
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Figure 4. (a) The comparison of PDDs obtained from Monte Carlo simulations performed for measurement
(MC,,.,) and TPS conditions (MC,,,) for titanium, alloy 600, and tungsten inserts. Visualisation of the insert
geometry, (b) two halves of the grey circle with a film gap between them (MC,,., conditions) and (c) solid grey
circle without film gap (MC,, conditions). The red arrows visible in (b) and (c) represent the radiation beam.

insert better agreement to MC,,;, was observed for AAAqp, than for AAAyr. The mean differences for AAAqp
versus MC,, and AA Ay versus MC,,, were, respectively, up to 1% and 3.5% for titanium; 2% and 10% for alloy
600; and 7.5% and 36% for tungsten. In the insert region, the mean differences between AA Ay, versus MCy,
were lower than AAA.y versus MC,;, and were, respectively, up to 11% and 12% for titanium; 9% and 15% for
alloy 600; and 6% and 25% for tungsten.

Figure 6 shows the differences between MC,;, and AXBp,; PDDs obtained from calculations on different CT
reconstructions for titanium, alloy 600, and tungsten inserts.

The highest differences between the MC,;, and the AXBp, PDDs related to different CT reconstructions
were observed at insert edges and they ranged from 4 to — 2% for titanium, 16% to — 9.5% for alloy 600, and
16% to — 15% for tungsten (Fig. 6). For the input edge regions standard deviations ranged from 1.5 to 2.0% for
titanium, 3.6 to 8.9% for alloy 600, and 11.4 to 17.3% for tungsten (Table 2). In regions in-front and behind the
insert, differences between the MC,;, and the AXBp, PDDs were up to 2% (Fig. 6). The differences in the insert
region depended on the density of the insert and were the lowest (up to 3%) for the titanium (4.5 g/cm?®) and
the highest (up to 12%) for the tungsten (19.4 g/cm?). Different CT reconstruction methods lead to differences
between AXBp, PDDs in all compartments ranging up to 2%. Nevertheless, there is no clear superiority of one
method of reconstruction over the others (Fig. 6).

All sets of PDD curves calculated using different algorithms, CT reconstructions and inserts are presented
in a supplementary material.

Discussion
Several studies show that both algorithms (AAA and AXB) could accurately calculate the doses near the
metal®®~?’. However, these studies focus specifically on spine SBRT (stereotactic body radiation therapy) treat-
ment in the presence of titanium screws. Due to the relatively small dimensions of the screws and titanium
density, the dose calculated in the tissues surrounding the screws is in line with measurements. Our results
are in line with these observations, the doses calculated by AAA and AXB algorithms in the water near the
titanium insert are close to MC simulations (Fig. 5). Nevertheless, there may be metal structures with a higher
density than titanium in the patient body and geometries larger than screws used for spine stabilisation!>1625,
In general, to check accuracy between calculations and measurements, the ionising chambers or EBT films for
in-axis dose measurements in front and behind the metal inserts and the perpendicularly oriented to the axis
EBT films for profile measurements were used. Our study focused specifically on in-axis percentage depth dose
measurements and calculations. In addition to previous studies, the EBT3 film placement in our phantom allows
to simulate measurement conditions inside metal inserts. We recognise that the EBT3 films between the insert’s
halves resulted in measurements in a thin gap (<0.3 mm) between parts of the insert filled by the film, rather
than inside of the insert. Due to scanning modes used and the film thickness, the gap between the insert halves
was not visible on the reconstructed CT images. Even with the smallest possible grid for dose calculation in TPS,
the grid size was three times larger than the film thickness and the TPS calculations do not take into account
the gap in the insert. Therefore, the measured doses by film were used only to compare to MC simulations for
measurement conditions to prove the accuracy of MC simulations. The percentage depth doses obtained from
MC simulation for TPS conditions (without the gap) were used as reference data for TPS calculations.
Analysing the accuracy of dose calculation through different algorithms shows the superiority of Acuros
XB algorithm based on dose-to-medium approach over the other calculation methods in agreement with pre-
vious studies'®**". Another option of dose reporting mode in Acuros XB, dose-to-water, was also evaluated.
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Figure 5. The comparison between PDDs obtained from Monte Carlo simulations performed for TPS
condition (red line) and PDDs obtained from TPS calculations on standard CT reconstruction using different
algorithms for titanium, alloy 600, and tungsten inserts.

Both approaches (dose-to-medium and dose-to-water) calculate the energy-dependent electron fluence based
on the material properties of the interested media. Both approaches are based on the same steps of transport
calculation®. The difference occurs in the post-processing step, during which the energy-dependent fluence
resulting from transport calculation is multiplied by the different flux-to-dose response functions to obtain the
absorbed dose value. Acuros XB uses a medium-based response function for dose-to-medium and a water-based
response function for dose-to-water*?, While our findings show comparable results of dose calculation around
the insert for both Acuros XB approaches, the dose-to-water approach overestimates dose inside the inserts. The
weak point of Acuros XB dose-to-medium approach is the rigid and non-modifiable list of high-density materi-
als for which calculations can be made. In addition to previous studies, we performed calculations not only for
titanium and stainless steel (i.e., alloy 600 in our study) but also for tungsten that is not listed in the algorithm’s
libraries. In order to perform calculations, we applied for the tungsten insert the closest density-similar mate-
rial listed in the library, i.e., gold (19.3 g/cm?®). The Monte Carlo simulations were performed for real tungsten
density, i.e., 19.4 g/ cm?® Therefore, the differences between the calculated and simulated doses in the tungsten
insert are bigger than for the other inserts.

The worst results were observed for the AAA algorithm, which is in line with previous research'’. The main
limitation of this algorithm is the inability to model backscatter radiation deriving from high-density materials.
This radiation generates a dose peak observed at the entrance to high-density material. Our work shows that
only Monte Carlo and Acuros XB correctly model this phenomenon. However, it is worth noting that assigning
an estimated one CT value for the metal (AAA:p) over the CT values calculated by the CT (AAAcr) scanner led
to a better agreement with MC simulations.

This work also verified different strategies for metal artefact reduction. We assessed six different imaging
methods: standard CT, monoenergetic CTs series reconstructed for 70 keV and 130 keV with and without the
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Insert Titanium

Reconstruction Standard CT 70 keV PMR 130 keV PMR
Iterative metal artefact reduction NO YES NO YES NO YES
Mean dose difference (and standard deviation) in compartments[%]

Water in front the insert 0.0 (0.4) 0.8 (0.6) 0.3 (0.6) 0.1(0.7) 0.4 (1.1) 0.6 (0.8)
Input edge of the insert (+2 mm) 0.6 (1.7) 1.3(1.8) 1.4 (1.6) 1.1(1.5) 2.2 (1.6) 1.8 (2.0)
The insert 0.5(0.5) | 1.7(0.6) 0.8 (0.5) 14(05) | 1.8(0.6) |2.4(0.6)
Output edge of the insert (+2 mm) -1.0(1.2) |0.6(1.3) -0.7(1.3) 0.2 (1.5) 0.0 (1.7) 0.8 (1.4)
Water behind the insert -0.7(0.3) | —0.4(0.3) -0.7(0.3) -0.7(0.3) |-04(0.2) |-0.5(0.2)

Comparison of whole PDDs (from 15 to 85 mm)

Similarity of distribution (Kotmogorov-Smirnov test) p=0.618 p=0.962 p=0.880 p=0.758 p=0.882 p=0.960

Coefficient of correlation (Pearson corelation test) R=0.999 R=0.998 R=0.999 R=0.998 R=0.997 R=0.997
Insert Alloy 600

Reconstruction Standard CT 70 keV PMR 130 keV PMR
Iterative metal artefact reduction NO YES NO YES NO YES
Mean dose difference (and standard deviation) in compartments[%]

Water in front the insert 0.4 (1.1) 0.5 (0.8) 1.3(0.9) 1.1 (0.8) 0.9 (1.2) 0.9(1.2)
Input edge of the insert (+2 mm) 4.0 (7.6) 2.8 (8.5) 4.5(8.4) 3.2(8.9) -1.1(47) |-0.1(3.6)
The insert 2.8(0.8) 2.9(0.8) 3.6 (0.7) 3.6 (0.7) 1.4 (0.9) 2.0 (0.9)
Output edge of the insert (+2 mm) 1.0 (1.6) 2.2(1.3) 1.7 (1.7) 2.5(1.4) 0.7 (1.2) 1.8(1.2)
Water behind the insert 0.6 (0.4) 0.4 (0.3) 1.3(0.3) 0.9 (0.3) -0.3(0.2) [0.1(0.3)

Comparison of whole PDDs (from 15 to 85 mm)

Similarity of distribution (Kotmogorov-Smirnov test) p=0.880 p=0.618 p=0.185 p=0.187 p=0.963 p=0.758

Coefficient of correlation (Pearson corelation test) R=0.995 R=0.995 R=0.995 R=0.995 R=0.998 R=0.998
Insert Tungsten

Reconstruction Standard CT 70 keV PMR 130 keVPMR

Iterative metal artefact reduction NO YES NO YES NO YES

Mean dose difference (and standard deviation) in compartments[%]

‘Water in front the insert 2.4(3.9) 1.1 (1.8) 1.8 (2.9) 0.7 (1.6) 2.0(3.5) 1.2 (2.0)
Input edge of the insert (+2 mm) 0.1(17.2) -52(11.5) |-1.0(14.0) |-5(114) |0.0(17.3) -3.6(11.7)
The insert ~77(31) |-80(32) |[-77(3.0) |-7932) |-77(3.0) |-7.7(3.0)
Output edge of the insert (+2 mm) 1.9 (8.3) 1.3 (7.4) 1.3(7.7) 0.8 (7.0) 1.3(9.7) 1.1 (9.4)
Water behind the insert -13(0.2) |-13(0.2) -1.3(0.2) -14(0.2) |-1.8(02) |-1.9(0.2)

Comparison of whole PDDs (from 15 to 85 mm)

Similarity of distribution (Kotmogorov-Smirnov test) | p=0.126 | p=0.104 p=0.094 p=0.084 | p=0.092 p=0.078

Coefficient of correlation (Pearson corelation test) R=0.987 R=0.991 R=0.990 R=0.992 R=0.987 R=0.991

Table 2. The statistics of similarity between calculated (AXBp,;: Acuros XB; dose-to-medium approach) and
simulated (MC,,,: Monte Carlo; TPS conditions) percentage depth doses, and mean dose difference (AXBpy -
MC,,) for selected regions of comparison.

iMAR algorithm. Knowing how imaging affects the dose calculation is essential for choosing the proper metal
artefact reduction method. Our study shows that the metal reduction strategies have no significant impact on
the dose calculation results. Therefore, in our opinion, the selection of the most adequate CT reconstruction
should be based on the preferences and experience of the person responsible for the delineation process. Dual-
energy tomography and its monoenergetic reconstructions are an interesting metal artefact reduction method.
One of the proposed methods is a combination obtained from dual-energy 70 keV monoenergetic scans with
iMAR, which was reported!? to decrease CT number errors and increased image quality. Other work? reported
the lowest metal artefacts at 130 keV monoenergetic series without iMAR. It is important to highlight that the
correct conversion from CT value to relative electron density or physical density is crucial.

A dedicated extended calibration curve should be determined and used for accurate dose calculation®*. We
found no significant impact of imaging mode on the dose calculation process with different strategies leading
only to 2% differences and hence no disadvantages of using metal reduction strategies of choice.

This study, for the first time, compared detailed measurement around and inside the metal structure with a
set of calculations by different methods using a dedicated phantom. There is a need in the future to translate and
validate our phantom findings in clinical conditions.
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Figure 6. Differences between PDDs obtained from Monte Carlo simulations performed for TPS condition
and PDDs obtained from TPS calculations using Acuros XB algorithm based on dose-to-medium approach on
different CT reconstructions for titanium, alloy 600, and tungsten inserts, respectively.

Conclusion

The selection of the algorithm for dose calculation was shown to have a significant impact on the accuracy of
dose calculation near and inside metals. The Monte Carlo class algorithm should be used for the precise dose
calculation as proved by our measurements with a phantom. We found that only the Acuros XB algorithm with
a dose-to-medium approach provides comparable accuracy with Monte Carlo method for dose calculation in
metal regions when using Eclipse treatment planning system. The limitation of this algorithm is the need to
assign material from a predefined library for the high-density objects. Based on the tungsten insert results, it was
found that the inability to indicate precise atomic composition leads to calculation errors. The inability of the
AAA algorithm to model backscatter dose requires caution in its clinical use for patients with metal implants.
However, we found that using an estimated CT value can improve AAA dose calculation behind the metal. No
significant impact on the dose calculation was found for a range of metal reduction strategies, suggesting that
the choice could be made following clinical operator preference.

Data availability

All data generated or analysed during this study are included in this published article and its supplementary
materials except the selected data (i.e., phase space files) used during Monte Carlo simulations that are provided
and licenced by Varian Medical Systems (Palo Alto, USA).
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