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In recent years, MR-Linac, a radiotherapy linear accelerator (linac) equipped with magnetic resonance (MR) imaging, has been
deployed in clinical facilities across Japan. Because of the magnetic field of MR-Linac, which can affect the dose distributions and dose
response of ionization chambers, conventional reference dosimetry for absorbed dose to water using an ionization chamber becomes
impractical. Consequently, the magnetic field effect should be considered in the reference dosimetry for MR-Linac. Although numerous
studies have delved into this matter and several magnetic field correction methods have been proposed to extend the conventional
formalism, a practical protocol for reference dosimetry for MR-Linac remains elusive.

The purpose of this review are as follows: (i) to summarize and evaluate literature and existing datasets as well as identify any gaps
that highlight areas for the future research on this topic; (ii) to elucidate dosimetric challenges associated with ionization chamber
dosimetry in magnetic fields; and (iii) to propose a formalism for reference dosimetry for MR-Linac based on available literature and
datasets. This review focuses on studies based on commercially available MR-Linacs and datasets, specifically tailored for
reference-class cylindrical ion chambers.

Keywords: reference dosimetry, MR-Linacs, magnetic field, ionization chambers, Monte Carlo simulation
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FOFHLWAIR (de Pooter i X LIREIZ HIBL & L7250 30)
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kanq EIRE L TWBEENH L7720, AETlEI s
DR & WIS L7z
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WD B R T 2 47 9 BN A28 O 45 % IEREICHEIR L T3
(UENHDH., 22T, BTSN THWLIMRY) =7 v
2 T3 5 Elekta #t % Unity (LT, Elekta Unity & 3 %)
B X ' ViewRay f: # MRIdian (LLF, ViewRay MRIdian
E¥5) O20BBEOEICOVWTHBTA. 22T, M
FE OME % Table 1IZ/RT. EHREWIE, T AILVF—,
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Table 1 Comparison of commercially available MRI-linacs

Elekta Unity  ViewRay MRIdian
Beam energy 7MV FFF 6 MV FFF
Magnetic field strength 15T 0.35T
Source-axis distance (SAD) 1438.5 cm 90.0 cm

Maximum field size 57.4cm X 22.0cm 27.4cm X 24.1 cm

(at isocenter)

Accelerator

Accelerator

I
— Jo
Oh
N
Gantry
ring Ga‘ntry
A, ™ “t
xg p43

Fig.1 Front (a) and side view (b) of the geometry for

Elekta Unity using the standard coordinate system
of linacs (IEC61217). B, @ and Fi, show a static
magnetic field, an fluence of the photon beam and
Lorentz force, respectively.

TS B, 5 ] iz i [ 3 f (SAD: Source Axis Distance)
BILURAKBHTFSI A ATH 5.

Fig. 112 Elekta Unity ® IETH & B & MU RIZ BT 5
Y ORMFWEE 2R3, BE, BRI Twb MR
) =7 v 7 (Elekta Unity 8 & Of ViewRay MRIdian) |23
VB G O J5 I ye il TEC61217) 2K L CTHATTH B
A5, WY A7 5. Elekta Unity Tld -y FITH Y,
ViewRay MRIdian TiZ +y: HHTdH 5. HEAINEZ Ly,
il & HUCC BRI RE R 7 B ) =) Y IR AT H T
B, AWE—2E -2z P Z AT 5. 208 X
WBIOAFE - 2T FICEEHERICH L7720, a—L ¥
v IO  FINE A E— 2 icx U CHEE & FEmIC s
WTHET 5.

2.1 Elekta Unity

Elekta Unity i& 7 MV FFF @ % 16 3% BV #45 & 1235 08
JE15THB X KR 7 ¥4 X 70 cm D Philips 1 # MRI 2% &
ZHIAGHLETHE SN TS >Y. 7TMV FFF O & 18k
BUMAEE T M) =) Y IO AHF S TE D, B
MIC BV THK 6 RPM Tl RiE2su[ g Tdh 5. SAD X
1435ecmTH Y, 74 VLY ¥ —TOHRERIL4.25Cy/
min THh 5. Unity BT IR KEHITFIET A VL5 —
M T57.4cm X 22.0ecmTH Y, 774~ =31 X —
FIZXoTHEEEINSG. T8 —2EBOMREEE, Jaw 3
A= BIUPMLCIZX > TR ENS. MLCIX 16044
V=705 % 5 Adlity ki ThH Y, T4 vy s —Fih



Jpn. J. Med. Phys. Vol. 43 No. 4 (2023)

BT ZHEY) —7HIZTImmTH 5. 1.5TDOH—7%
S IBIER A K VAR SN S, B L -y i)
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T5.

2.2 ViewRay MRIdian

ViewRay MRIdian (& 6 MV FFF @ % £ 3% # 2 I o &
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N—=T g yTRAY M) =1 ¥ 712320 “Co i A
FEICEE STz, BIEONN—Y 3 v TlE, “Coftiias
6MV FFFOEBAERE ) =7 v 7 HBEICE D> TW
4. SADIZ90ecm TH Y, T4Vt ry ¥y —ToHmFIL
6.0 Gy/min TH 5. wmAKMHEHEFIIT A VL y —FHT
27.4cm X 241ecmTH Y, 734V =3 A —=%IZ
Lo THKENS., F7-Y— A BORHEFIZMLC DAIZ
o THEEENE. MLCIZ138Y — 70 b% b5 T
T+ —=HAADOMLCTH Y, 2BEMATHERSINL TS
(V=75 RBEAT34 M, TEA35M). 74 vty s—
FHICBU A% Y) — 7RI 415mmTH 5. 0.35TD
Y OBSER A X DR SRS, BRI
WA M) =) 7 ERG L ICRHBEIN TS 2D,
Y — ARASE v BFEESS L + oy F ST 5T
BY, E—LICHLTEETHS.

3. BIE T COEFDEHSKIV
MR UZ7 v DE— LT

MRV =7 v 7 TliX, BT OEEPHEOEEE
L., ZHIZEOMRY =7 v 7 0OV¥— 2 HEE, ko
=7y 7 EHBRLTL B ESMICBILENV T v
THIB L O — AR, 2. AR IC B B
BT B & OB oW AL 5.

3.1 HIBTICBIFB2EFDES
W TICBT 5 EF OB, BT HER R (ERE:
Electron Return Effect) 3 & V& Tt #h2 (ESE: Electron
Streaming Effect) D 2 DD EHBIZ L W Z{LT 5. LaL,
BT ORBERELEP L2 WLE LRI TH 5.
3.1.1 ETHHEE (ERE: Electron Return Effect)
BT CoOBRERCBT 2 ET ORI -y L
OMEAERIZE > THBLEE 2 ), AL TEAHMICE
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Fig. 2 Trajectories of electrons subject to a transverse
magnetic field in a medium with a homogeneous
mass density according to the continuous slowing
down approximation. The electron beam is inci-
dent in the horizontal direction (from left to right).
The effect of ERE depend on the magnetic field
strength and incident electron beam energy.

The figure was reproduced from de Pooter et al.”

FHRL. ZOBL % BT HIAZ R (ERE: Electron Re-
turn Effect) & \» 9. Fig. 2ICE TR R OEEZ 1)
TP TOETOMEE 2 /RT. Fig. 2 TIIETO A
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L&, BTRARIEICE > TETHPHEKT 7 ¥ b AR
AT 5. Folzd, ©— 2G5 HEECEBEHER Y E L
TLEH .

3.1.2 ETAH (ESE: Electron Streaming Effect)

W hin & ASE — A H S EE O, 22500 CHER
SNFZEFIIBIIRICIH > T, BEBANBE T, 20
L& U—L Y NI TETOEHIOTAWMEE %
5. T OBER % ET it E (ESE: Electron Streaming
Effect) 2\ 9. MRV =7 v 7 Tl, AHE—L431) =
Ty Ny KOWEY MRV =T v 207544 A5 v
Megt) REXPEEBRTLIBICRABRTVEET
57 Fig. 31 T2 BV TR IRAE OB EL 2T
TR AETF OB 273, RAETIIEES AR
THRETDLLHBRENTWDL I EDbh D, T00, |
SN ORI AT 555, BEEH T ORI LS
BINd 5. FoBTFRARIGAEN2 S BN SN2 ZRET
WCADTEHT 5720, E—2A A2 TR, E— 24
B 5 BETEFAFC O KR D By 5 1.

3.2 MRUZ7vwIICBIFBRE—LYFE
MRV =7 v 7 2B MBS MILTE NV BT v 7H
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Fig. 3 Trajectories of contamination electrons produced
in the air under the magnetic field. Contaminant
electron spirals along the magnetic field lines and
deposits dose on the patient skin outside the pri-
mary radiation beam.

The figure was reproduced from Hackett et al.'”
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Fig. 4 Depth-dose curves per incident photon with and
without a 1.5 T magnetic field and the percentage
differences between them, calculated with the
GEANT4 point-source model at an SSD of
133.5 cm. Negative differences indicate a lower
dose with the magnetic field than without it.
The figure was reproduced from O'Brien et al.'®

1.2 T T T T T T T

Dose normalized to dose max at 5 cm depth

Distance [cm]

Fig. 5 Calculated central dose profiles in the x direction
at 5cm depth for 1Tem X 1cm (solid lines) and
5cm X 5 cm field (dashed lines) with EGSnrec. Both
with (thick lines) and without (thin lines) the pres-
ence of 1.5 T. The profile is shifted in the cross-line
direction (transverse axis direction) when a mag-
netic field. The shift depends on the field size.
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Fig. 6 Calculated the 80 — 20 penumbra as function of
depth for both a 1em X 1ecm and a 5em X 5cm
field with and without the presence of 1.5 T. The
solid lines and dash line show the 0 T and the 1.5
T cases, respectively. The penumbra at the left
hand side is in thin lines, the right hand side in
thick lines. For the field size of 1 e¢m X 1cm, the
penumbra increases by 1.0 — 1.5 mm when the
magnetic field is present. There is a difference of
0.5 mm between right and left penumbra.

The figure was reproduced from Raaymakers and

Raaijmakers."?
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(d

Fig. 7 Beam’s eye view of an ionization chamber long
axis positioned relative to the magnetic field. The
long axis of the ionization chamber is oriented per-
pendicular ((a) and (b)) or parallel ((c) and (d)) to
the magnetic field. The photon beam then is per-
pendicular to the magnetic field and the long axis
of the ionization chamber.

@ P O © @ SR
®s 5 B ®=
®FL (d RF Fy

® A
(O]}

Perpendicular orientation

-
—_— —
B B ©s
Parallel orientation

Fig. 8 Influence of the magnetic field on electron trajecto-
ries at the four configurations shown in Fig. 7. The
photon beam is incoming from above in all panels.
On the left of each of the panels shows a cross sec-
tion along the length of the ionization chamber.
The right panel is a cross section with the cham-
ber tip oriented out of the page.
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Fig. 9 Spatial dose distribution within the air volume of the PTW 30013 for 0.0 T (panels of (a) and (d)), —1.0 T (panels of (b)

and (e)) and is +1.0 T (panels of (c) and (f)) when the ionization chamber long axis is perpendicular to the magnetic
field. Spatial dose distribution for —1.0 T (panels of (b) and (e)) and +1.0 T (panels of (c) and (f)) are corresponding to
Fig. 8 (a) and (b), respectively. Panels (a) — (c) show the dose scored in azimuthal rings around the chamber axis, while
panels (d) — (f) show the dose scored in discretized azimuthal segments around the reference point (located at Y = 0 in
panel (a) — (c)). Doses are normalized to the mean dose at 0.0 T.

The figure was reproduced from Spindeldreier et al.?”, used under CC BY 4.0/Cropped and resized from original.
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Fig. 10 Spatial dose distribution within the air volume of the PTW 30013 for 0.0 T (panels of (a) and (d)), —1.0 T (panels of (b)

and (e)) and is +1.0 T (panels of (c¢) and (f)) when the ionization chamber long axis is parallel to the magnetic field.
Spatial dose distribution for —1.0 T (panels of (b) and (e)) and +1.0 T (panels of (c) and (f)) are corresponding to Fig. 8
(c) and (d), respectively. Panels (a) — (c) show the dose scored in azimuthal rings around the chamber axis, while pan-
els (d) — (f) show the dose scored in discretized azimuthal segments around the reference point (located at Y = 0 in
panel (a) — (c)). Doses are normalized to the mean dose at 0.0 T.

The figure was reproduced from Spindeldreier et al.*, used under CC BY 4.0/Cropped and resized from original.

113



PREEW P 55430 45

WETFVEMAEZZTNCAST 200801285, —F, #
PR L CREER R % AT (Fig. 8 (¢) 7213 (d) Zi%
BLL &, WM 2 EHRISEOLIL/NS <
0, WKRMIZEL 2D, FREHFNICXLEHD
TV, REMTEIE I A BEEEIS A DS E B X A oK
&L, BEAEICAS T2 KETREZOET O
O FIRBEOHIC L > ThETE LY,

4.2 BRFERAROZESIENERIBEINEICSZ DHE

BHER & 7oAt 2 R 7 7 2 b AR BEKER &AL
HEDETIT) WG, BRI S 2B rRET
5. BT TIECOZEGRMICLY, BHRLESKTT 2
CTENFESNTVSE XY CoEEE, k77 v A
WA B HERT % 3 A L 72RO BREF R PR O 22 104 B & U022
ABOESICKREMRGET D, Lo T, BT ToM
HERINEIAKR T 7 &~ P A TRHIKIE 2 L 2 W TH_IT %
DRI NG,

W T IR 2@ T A5G, B
ISEAMRT 3 5. MEHEHR L EERT 7 > b AZHEAA
bETHUE LT WA, BHAERAICIZ0.1-0.3mmD
2 BAEAET B %Y. BEHERHIEE 12 7 & O KRR &
W7a banrcid, ZREICXLEHEHISE~NOEEIL
02% LU TFTHo7z7, BREBOREIEHINL TV
7222 UL, BT CIREBEEMIGED0.7- 1.2 %K
BT BT, ZERIENDRFED LT L 7 52,

225 & BB BRI R P O 22K 0 A B X 02258
DESNHAFT 5. BLEDBEEM & ASTE—2 DDA
GExHFR) ST 244, kD EBBAISSNEL,
0.2 mmEDZELREIT L > TEMHIGEE 1.5 %L Rgd
THW T, RLESEEAICY LT IE W)
T 554, 1.4mm/ELLTORLGETHNITEEMILE
DEFF05% T &% 5™, LB L 5 BEFISED
WA, FRCIEIM R 2R OYE, R TR
ENDLRETHVRYTHIEPELERNTHL. T2,
TR X B BTSN OB LB OMME, B
B D ARAES %220,

F72K7 7 ¥ b AEMH LA T D B P
DOFITEENILETH 5. RIBIC X 2 BEHHIOE O
L, RAEVGAETIHEALASETH LY. BEOE
STV R B R0 B P B R TR 0 FE A ) R R e
ETRERT 7 v b & LB LA S DTl & ST
BEICIE, BRBEREAKTHIZT R EDOWMENLEE 5.

4.3 BISTHIERE

W3 TS B\ TRBIGH R 2 e T 5 72D 7218 A
SNTRESIEAR B O PE T E B X CRATHIZEIC BV T
TENTOLHSMIE AT L0,

114

4.3.1 WSRO P )7
WAL, 1. 70) =X =27 5= iEit
7 ORI % IR E T & e v A
EHE 2.MCHE, 3. FEMEMCEEZRMAGDLEIZNL T
Uy FEEICE - THESN S, T2, HEREEICE->TDH
WEWEETH D, FIHHIEREUIRES O A 12 X 2 KIIX
MERLEZEEOLE LT, UToOXRTRESNS.
kB,Q = m (1)
CZT, NowoBIUNB ol —F =T 5HMEQ
BB L, B XU T CORBIGHREARIE E K
Th5.
4.3.1.1 EHEREDRIC X AW AEABROIE
EENERZ, 70 —x—F27 5= ViR B0k
WG 2 I E T & A M e 2 WL T T b 52503,
TEAEME U X B HEANEAR UL, T o ThEENS.
Ni.q _ Dol Mg

kB,Q = ND,W,Q = Dwa/MQ (2)

ZIZT, DugBIUDYqEENZENWSE L EMBETT
DKW ETH Y, MeB X OMI TN ZERESZ L
LY T COMIE S N EHM 2SO DM B TH 5.
4.3.1.2 MC#IZ X A 3IEa o E

MC#E, EGSnre 2 EOPHEY T Hh v E a— NI X

Ly Ial—varEHVTRES NS 2% MCHIC
X BRI EARBII L T ORX CihE s 5.
_ N, g,w,Q _ DS,Q/ ngity,Q
R0 =N o ™ Dua/Deina ®)

ZZT, DugBIUD QR ENZENS R L EBLE T T
DILHEFTIIBIT 2 KBEINHETDH D, DaviaB L O
Dewiyq V& TN ENEEY; 2 L L 15 T C o BEER A AR
DLW TH H. MCIEIC & » TR IE R %
BT HBNE, R BHERTHE G O FEBL & TEEEAR A AR
N OARBEARIE O IR 72 5l AR D 55 (4.3.2 % B H).
4.3.1.3 ElE MCExX#MAGDEINS T v FiEIZX

L AR o P

NA Ty P BHITEBERIC X B FEN L MCEEIZ X 5Kk
IR D PLE 2 LA D& TR IEAR R 2 P T 5 H i
THh2Y. ZOHFETIE, BHHIEREIL 2D DRSS
RLT, UToATHhRESNS.

kB,Q =CB" kB,M.Q (4)

2T, I oA I X DRI & O FFHE L,
ke ZWE OB L 2 EHFHOMEMOLTH S, L
7235 TC, e BL P hpugld L TORXTHIREENS.



Jpn. J. Med. Phys. Vol. 43 No. 4 (2023)

Cp = D:,Z (5)
M

k =2 6

B,.M.,Q Mg ( )

NA Ty M ETIEKIRIGER R O P g D A2 MC FHE DS
fEHENL 720, BEHORRLHM L O 2 15 % w5
Elzw. 2Fh), YIalb—varvERiiipitTtE s 2,
W IERR AR MCHEO AR THET S RO & g L
T, BEHHER RO ET) v VOIS 128
ZI R E LD,
4.3.1.4 MEMIEHIC X B B35 AR O PE

A ERE RS EAR DS 2 65 T 2 BRI
L CHERIEZITY, @BHMEREERET 2 HETH
5% WESHIEAR AN TH L EMAE (V77 LY R
WEED AT A%A, EEORM (71 — v FEESD
B 5 @ EAR IR E Q. (WAL  0.35 T 72
15T BLOHWEQ: W 0T) ZHWME
RIEIZE D, DWFONXTIRESINS.

field

(MBle ND,WYQU leyQOkaQl ) = (MB,Q1 ND,w,QO kQLonB,QI )mf (7)

field _ (MB,Q1 Nowao Raraoksa, )ref (8)
(]‘4-}3,(,;21 ND,w,Qu k Q1.Qo )ﬁeld

(kra.)

T T, R EAIEE O T D B (Nowa)™/ (Npwa) ™
&, BToXTkEsns,

ref ref

(ND,W,Qo) (MB:OT,szQz,Qn)

ie = el (9)
(ND,W,QO)Y “ (MB:UT,szszQo)f “

L72ho T, R8IEImMEmIc10~FXEz 5N 5.

ref
MB,Q\ thQu MB:OT»QZ sz.Qu kB.Q| )
field
(MBle thQu MB:OT,QZ sz»Qu)

V77 Ly AREENE 74—V FREEAR U o B
HCThEA, 200OMALBBRHOIITERE LS. D
0, HEREETE2o0HE MR =7 v 7 ¥iE L
PHY) =7 v 2) 2B 5 EMA O EEO M,/
M) B X O (Mitorq/ M 1q) ZMETHIETT 4 —
N FREET OB RR T e TE 5.
432 WHTICBFAMCEICLI2EMM Y I 2L —

VERALL

BHEFE O — BB TR T 5720,
EBROFENE (BEMIPEARRE) 135 LoZ=R X ) b/
S B, TD®, HIEARRILEET L2 S Ak
Fizglw/izb oL b, MCEIC X - TRESHIERE % &
g 28321, Z OARERFE 2 U IEAE 2 A IR 2 2

(koa,)™ = ( (10)

HTDVLEDPD L. RRAEROME I, FERE &
MCHEMEE DB SR ET 2 HihB L OFREFZE
(FEM: Finite element method) |2 &K A2 ¥ ¥ I 2 L —
VavEHWTIET SN 5.

BEROHBAREA TOREIFY— T3, 71— FEMK
A TR EE 2 R 3 I8 ORI&ARTR) 25165 %. Butler
SEH/ANHERETOY Y7 a b Y EE T
B4 2 TEHERE S BT 2 4 IRARFR N O 10 280 2 0 22 ) 43 A
PR L, F— FEEBAE (F7213A 7 5E) OREK
TEZP LML TS, McNiven 5 1%, micro-CT % H
WCEMROAEARZFH L, 2 OFHIE O EEEHIGE
P OHERE ORI L OEVERE L. £0%T, HKE
DA EAREATFERT EOZ L D) b/ S v v w2 el
LTWwa Y, Zhs 200 c o # Loz
T & BB R D, A EARIEREFT B 22 72 5 Ak
BRIV DTHLZLERLTWS. —F, Delf &
A3WUIN T RSB 0 B T8 % BV CAT - 72 A ClE, Sun
Nuclear Cooperation SNC125¢ (2 IZRNIEARFE AW & %
WL TWDY . RSB ZERNIC A — FEBAA Y
AELVEIIEFENTVE 2D TH Y, NEAREDIHE
L WEBFH D AT 5.

MC I & 2 B HERBORINCIE, FRAEEOEE
DA G HEAERICKELREEZA L SES. MCHEIZAKK
WU EHINE IS B 2 ARO[ S Tk
D ZOREFIZKIGRERTI 7 h a3 P s h R
HENTWS., NEMAR I MC R ERIC A — FEBNED
A Z B L TEBT 5720, NEAEOKE S 3#
B ERBOBICRE B L5 2 5. FRCEHIIH L
THEEMEMZ EE (Fig. 8(a) 721X (b)) WHELAE
EARMBHEORE L RECZIT S, ZNIE4.1.3HTR
L7z & 9102, ot U C oA Rl 2 | 23k L 723
&, a—L Y hHEEEREICR - THEHT 2720, A
RN OB AT DAY — 2B 720TH S, T2,
AR DK & S BB IR L, A IRV
SWVI ERRAFEDTE D 2B EDTRE WD TR
T 0, BESICK LCEBE RE % SFAT (Fig. 8 (c)
F 0 () ICEEE LA, ABRR ISR T 2 B 1K
BT ENREERTVE Y,

IBARRE BT 5 7 8:1E, 1. B & MC A D
B S PE s 5 H LY Lo HREZEICL LBV
Sal—varvEHeTRET 2 HEY Bdhb. BT
T EAE & BET Lo BHERI 22 % v 72 MCEHEE O A
—EMRROLNL720, MCEMHEKIZIEIWT 2D S ETAR
JEARRE % ST 2 DD B FiIH O N ETIIARMARE 2
AT THIREMEL, 0.01 cm B3 DF EMA GHaa)
ORI L TVE, WEME O IA S AR % FF M3
5. ZONPETHIN & 72 PTW 30013 DAEAFRE 1L, Spin-
deldreier et al. DHE? TIE AT TEZ0.11em & L7275,

115



PREEW P 55430 45

0.20

o

5

T
\\ 1
Il

y (cm)
o
=y
Electrode
)

0.05
Guard

0.00 ! L L L L f
0.00 0.05 0.10 0.15 0.20 0.25 0.30
x (cm)
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The figure was reproduced from Pojtinger et al."”
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Table 2 kgq values for PTW 30013 in Elekta Unity (B=1.5"T)

Perpendicular Anti-Parallel

Methods Reference Orientation (Fig. 8 (a)) Orientation (Fig. 8 (d))
kpq u(kn,q) kpq u(kn,q)
Calorimeter de Prez® 0.9630 0.34 % 0.9850 0.34 %
Alanine Billas®/Direct® 0.9626 0.31% 0.9942 0.46 %
Pojtinger® 0.9901 0.73 %
Monte Carlo O'Brien'” 0.9760 0.15 % 0.9940 0.15 %
Malkov*"" 0.9881 0.10 %
Pojtinger™ 0.9963 0.16 %
Hybrid vanAsselen®™ 0.9630 0.21 % 0.9920 0.20 %
Cross Calibration Woodings®” 0.9610 0.42 % 0.9900 0.40 %
Weighted average 0.9690 0.10 % 0.9911 0.07 %

a: The magnetic field correction factor was based on the directly measured the Npwq calibration coefficient with and without a mag-

netic field™.

b: Magnetic field correction factor is determined including a dead volume.
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Fig. 12 Magnetic field correction factor ksq for PTW 30013 in Elekta Unity (B = 1.5 T). (a): perpendicular orientation (Fig. 8
(a)), (b): parallel orientation (Fig. 8 (d)). The dashed line in each figure is the average of all data and corresponds to

the last column of Table 2.
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Table 3 kggq values for IBA FC65-G in Elekta Unity (B=1.5T)

Perpendicular Anti-Parallel
Methods Reference Orientation (Fig. 8 (a)) Orientation (Fig. 8 (d))

keq u(ksQ) keq u(ks,q)

Calorimeter de Prez™ 0.9560 0.34 % 0.9950 0.34 %
Alanine Billas™/Direct” 0.9566 0.27 % 0.9994 0.56 %
Monte Carlo Malkov*"" 0.9917 0.10 %
Hybrid vanAsselen® 0.9520 0.21 % 0.9970 0.20 %
Cross Calibration Woodings®” 0.9560 0.42 % 1.0000 0.40 %
Weighted average 0.9544 0.14 % 0.9933 0.08 %

a: The magnetic field correction factor was based on the directly measured the Npw.q calibration coefficient with and without a mag-
netic field™’.

b: Sensitive volume in the simulation geometry was adjusted for the potential dead volume region.
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Fig. 13 Magnetic field correction factor kgq for IBA FC65-G in Elekta Unity (B = 1.5 T). (a): perpendicular orientation (Fig. 8
(a)), (b): parallel orientation (Fig. 8 (d)). The dashed line in each figure is the average of all data and corresponds to
the last column of Table 3.

Table 4 kggq values for PTW 30013 and IBA FC65-G in ViewRay MRIdian (B = 0.35T)

Perpendicular Orientation Parallel Orientation
Methods Reference (Fig. 8 (a)) (Fig. 8 (c))
kB,Q u(kB,Q) kB,Q u(kB,Q)
PTW 30013
Calorimeter Krauss™ 0.9706 0.78 % 0.9936 0.79 %
Alanine Billas® / Direct® 0.9714 0.34 % 0.9971 0.34 %
Weighted average 0.9713 0.31 % 0.9965 0.31%
IBA FC65-G
Calorimeter Krauss"” 0.9668 0.78 % 0.9936 0.79 %
Alanine Billas™ / Direct® 0.9650 0.34 % 0.9914 0.34 %
Weighted average 0.9653 0.31% 0.9965 0.31%

a: The magnetic field correction factor was based on the directly measured the Npw,q calibration coefficient with and without a mag-
netic field*.

YON— OFEHAEC BT B RS AR E TR L 5T 212 0.8 %, IR L CRABERT R % AT ICHE L 72
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AW —A—=F X BEHEMEEY Lt T v hEP M FHC X 2 EEME L W T T b - £ ik T O
12 & o T E 72 FC65-G (SN 3129) DEM LM% % WIERBORETIZ, MLET Y TVF v N—DFBEFIZD
RY. Table5 X V), 20D 8% % JihiTUE S N Db S E IR TR BB I AR A She™
FIEARE U, R U C R R & S SR L 723 INSoOWMEME F L0/ b D% Fig. 1412777, Fig. 14
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Table 5 Comparison of ks q values determined by different method for IBA FC65-G (SN 3129) in Elekta Unity (B=1.5T)

IBA FC65-G: SN 3129

Perpendicular Orientation

Anti-Parallel Orientation

(Fig. 8 (a)) (Fig. 8 (d))
Methods Reference kiq u(ksq) k(E,q) u(ksq)
Calorimeter de Prez” 0.9630 0.34 % 0.9850 0.34 %
Hybrid Woodings®" 0.9553 — 1.0011 —
Difference 0.8% 1.6 %
Cross-lineD¥—A4 707 74 Vigb3 N85, La

1.020 T T

B FC65-G (SN 3520)
1.015 £ ® PTW 30013 (SN 3981)

1.010 F 7

1.005 F B
1.000 F B
0.995 B
0.990 £ B
0.985 B

0.980 F B

Magnetic field correction factor: kg
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Fig. 14 Magnetic field correction factor for IBA FC65-G
and PTW 30013 at different facility determined
by the direct measurement using alanine dosime-
ters in Elekta Unity. The long axis of the ioniza-
tion chamber is oriented parallel (Fig. 8 (d)) to
the magnetic field. Measurements at RMH/ICR
and Christie are performed on separate days.
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5.1 @
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Table 6 kpq values for the other MR-compatible ionization chambers in Elekta Unity (B = 1.5 T). The ionization chamber is

oriented parallel to the magnetic field.

Malkov?’ O'Brien” Pojtinger®” Weighted
MC MC Alanine average
ksq u(keq) ksq u(keq) kq u(keq) kq u(ks.q)
Exradin
A1SL 0.9966 0.10 % 0.9966 0.10 %
A19 1.0007 0.10 % 1.0050 0.25 % 1.0013 0.09 %
Al12 0.9983 0.10 % 0.9983 0.10 %
A12S 0.9984 0.10 % 0.9984 0.10 %
PTW
30010 0.9872 0.10 % 0.9960 0.25 % 0.9873 0.10 %
31010 0.9933 0.10 % 0.9955 0.72 % 0.9933 0.10 %

Table 7 kq™* values for the other MR-compatible ionization chambers in Elekta Unity (B = 1.5 T)*. The ionization chamber is

oriented parallel to the magnetic field.

Malkov® / MC
TPR30,10=0.695

Viktor'™*® / Cross Calibration

Weighted average

kQ™ u(kq™™) kQ™ u(kq™™) kQ™ u(kq™™)
Exradin
A1SL 0.9857 0.10 % 0.9800 1.24 % 0.9857 0.10 %
A19 0.9882 0.10 % 0.9820 1.24 % 0.9882 0.10 %
A12 0.9982 0.10 % 0.9982 0.10 %
A12S 0.9867 0.10 % 0.9867 0.10 %
PTW
30010 0.9731 0.10 % 0.9731 0.10 %
31010 0.9817 0.10 % 0.9817 0.10 %

*kq™® is available in Equation 2.
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Table 8 Reference conditions for the measurement of beam quality specifier in the MR-linacs

Influence quantity

Reference value or reference characteristics

Phantom material
Tonization chamber

Chamber orientation with respect to magnetic field
Chamber orientation with respect to incident photon beam

Magnetic field strength
Measurement depth (d.)
Effective point of measurement
Source to chamber distance (SCD)

Field size at SCD
Gantry angle setting

Water
MR-compatible ionization chamber
Parallel
Perpendicular
0.35Tor1.56T
10gem *and 20g cm”
Geometric center of ionization chamber
ViewRay MRIdian: 90 cm
Elekta Unity: 143.5 cm
10cm X 10 cm
ViewRay MRIdian: 0°
Elekta Unity: 0°

2
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Table 9 Reference conditions for the determination of absorbed dose to water in the MR-linacs

Influence quantity

Reference value or reference characteristics

Phantom material
Tonization chamber
Chamber orientation with respect to magnetic field

Chamber orientation with respect to incident photon beam

Magnetic field strength
Measurement depth (d.)
Effective point of measurement
Position of effective point of measurement
Source to chamber distance (SCD)

Field size at SCD
Gantry angle setting

Water
PTW 30013 or IBA FC-65 G
Parallel
Perpendicular
035Tor1.5T
10g cm™?

Geometric center of ionization chamber
Measurement depth (d.)
ViewRay MRIdian: 90 cm
Elekta Unity: 143.5 cm
10cm X 10 cm
ViewRay MRIdian: 0°
Elekta Unity: 0°

Table 10 Calibration uncertainty of beam monitor unit (MU) in a magnetic field

Relative standard

Uncertainty component Description Value .
uncertainty
Calibration coefficient: Npw,q, FC65-G 48.13 mGy nC ™" 0.50 %
Long term stability of user dosimeter Reference class ionization 0.3%
chamber
Establishment of reference conditions 0.4 %
Dosimeter JSMP electrometer 42.44 ydg™ 0.06 %
reading: M§ guideline
Electrometer calibration coefficient: Eeiec RAMTEC solo, 1.001 nC rdg ' 0.15%
TOYO MEDIC
Beam quality correction: kq.q, Table 3.3, Standard 0.990 1.0 %
Dosimetry 12*Y,
TPR30,10=0.705
Magnetic field correction: M@ Table 4 Elekta Unity, 0.9933 0.08 %
B=15T
Correction for influence quantities: k: 0.997 0.06 %
TMR(d.)/TMR(d.) 0.795/0.923 0.1 %
Dy o(dy) 2.008 Gy / 200MU (d. =5 cm) 1.3%
Absorbed dose to water: Db o(d.=10 cm) Combined uncertainty 1.730 Gy / 200MU 1.3%
Expanded uncertainty (k= 2) 2.6 %

*: rdg: reading degree.
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Transition of Standard Dosimetry of Absorbed Dose to Water
in External Beam Radiotherapy [Part 1]
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The radiotherapy is performed with the aim of delivering the optimal dose to the target volume with minimal side effect of sur-
rounding normal tissue. For this purpose, quality assurance is essential to ensure that the target volume is correctly irradiated in
the optimal geometrical arrangement, and the absorbed dose evaluation is essential to ensure that the prescribed dose is correctly
delivered. The absorbed doses are generally evaluated using a small cavity ionization chamber that utilizes gas ionization. For the
evaluation of absorbed dose to water using ionization chambers, the national dose and charge standards, ionization chambers and
electrometer calibration systems are required. And it is also required standard dosimetry protocol that recommend conditions such
as fields, depths, and optimal ionization chambers for the measurement, as well as reliable physical data. This manuscript reviews
the transition of standard dosimetry of absorbed dose to water in external beam radiotherapy, including the background of dose

standards, ionization chamber calibration systems, units, and physical constants.

Keywords: dosimetry, radiation therapy, external beam, ionization chamber, absorbed dose to water
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