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DO3UMETPUA KOXMU IN VIVO NPU OBbEMHO-MOAYNUPOBAHHOM AYTOBOW
TEPANWUU NNOXKA ONYXO/U BE3 6OIIOCA NOCNE OPTAHOCOXPAHSAIOLLEA ONEPALIUM
HA MOJIOMHOWM XE/IE3E U OBJIYYEHUA BCEX MOJIOYHOW XEJE3bI
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PE®EPAT
BeegeHue: OTCYTCTBYHOT AaHHbIE O KOXKHOM AO3UMETPUM in vivo o6beMHo MoayanposaHHo ayrosori Tepanuu (VMAT) 6e3 6ontoca
A8 06nydeHNA nNoxka onyxosm Nocsie OpraHOCOXPaHAoLLEN onepaLn Ha MOIOYHOW Xene3e 1 061y4eHnsA Bcelt MOIOYHOM Kenesbl.
Llenb faHHOTO MCCNE[0BaHUA — OLEHUTb TOYHOCTb OXKMAAEMON A,03bl 061yHEHNA SI0XKA OMYXO/N Y MALMEHTOB, KOTOPbIM MPOBOAUTCA
6e36o0nt0cHan VMAT, ¢ NOMOLLbO AO3UMETPUM KOXKW in Vivo.
Marepuanbl u metogbi: KoxHaa go3umeTpus in vivo bbina nposeseHa y 78 naumneHToB, KOTOPbIM NOC/e OPraHOCOXPaHsAtoLLEel one-
paumu 1 06ay4eHns Bceik MOIOYHOM XKene3bl bbina nposeseHa cnvpanbHaa VMAT Ha 10XKe Onyxoau ¢ HaBeAeHWEM U306pakeHus.
Oxunpgaemble go3bl B 1279 ToUKax CPaBHMUBANINUCH C U3MepPeHHbIMKU A03amun. OLEeHUBANNCb OTHOCUTE/IbHbIE MOrPELLHOCTM U BapuaLmm
OTHOCUTE/IbHbIX MOrPeLIHOCTEN.
Pe3synbratbl: OTHOCKMTENbHbIE norpewHoctn gaa 0,01-0,09, 0,10-0,49, 0,50-0,99, 1,00-1,49, 50-1,74 v > 1,75 Tp coctasuam
—-0,666 +9,442 % (95 % AWN: —1,958-0,627 %), —0,265 £ 4,010 % (95 % OMN: —0,809-0,278 %), —0,205 + 2,506 % (95 % AWN: -0,511—
0,101 %), 0,207 £2,024 % (95 % AMN: —0,045-0,459 %), n—0,182 + 1,665 % (95 % AAW: —0,449-0,084 %), cooTBETCTBEHHO. ABCONOTHOE
3Ha4YeHWe OTHOCUTEIbHOM NOTPELIHOCTM BbI0 HAMMEHBLUUM A5 0XKUAaeMbix A03 1,75 p v Bbilwe. Bapnaumm oTHOCUTEIbHOW No-
rPeLHoCTM bbinn 3HauYnTeNbHO 6onblue npun 0,01-0,09 Mp (p < 0,001), 0,10-0,49 Ip (p <0,001), 0,50-0,99 p (p =0,023) 1 1,00-1,49 Ip
(p=0,003), uem npu 1,75 p 1 Bbilwe. Bapnaumm oTHOCUTENbHOWM NorpelHocTy npu 1,50-1,74 Ip cywecTBEHHO He OT/IMYaAUCh OT
TakoBbIx npu 1,75 Mp (p = 0,465).
BbiBoAbl: KoxKHas [o3nMmeTpus in vivo noarsepamna, 4to HebontocHas VMAT ¢ HaBeZeHVeMm Mo n3obparkeHusam cnocobHa TOYHO
[0CTaBUTb U3/TyYeHMe B JI0XKe OMyXOn NOC/e OPraHOCOXpaHaAtoLLei onepaLmm n obaydeHUs BCeil MONIOYHOM XKenesbl.

KnioueBble c10Ba: HOBOOGPA30BaHMA MOIOYHOM XKenesbl, 403MMETPUS in Vivo, NyyeBas Tepanus ¢ MOAYIMPOBAHHON MHTEHCUBHOCTbIO,
NydeBas Tepanusa C HaBeaeHWeM Mo U306parkeHnam

Ona untuposaHua: Xama H0., TalT 3. [lo3MMETPUSA KOXKM in vivo npn 06 beMHO-MOAYIMPOBAHHOM AyroBoi Tepanumu o¥Ka onyxonu 6es
60/110Cca NoC/ie OPraHOCOXPaHSAOLLLEN ONepaLMn Ha MOIOYHOW XKesle3e U 061yYeHNa BCeil MOIOYHOM XKene3bl. OHKONOTMYECKUIA KYpPHaN:
JlyyeBan AMarHoCTUKa, iydyesasn Tepanus. 2025;8(4):16-21.

https://doi.org/10.37174/2587-7593-2025-8-4-16-21

Journal of Oncology: Diagnostic Radiology and Radiotherapy
ISSN: 2587-7593 (Print) ISSN: 2713-167X (Online) NNYYEBAA TEPANUA | RADIOTHERAPY

https://doi.org/10.37174/2587-7593-2025-8-4-16-21

IN VIVO SKIN DOSIMETRY OF VOLUMETRIC MODULATED ARC THERAPY TO THE TUMOR BED
WITHOUT BOLUS AFTER BREAST CONSERVING SURGERY AND WHOLE BREAST IRRADIATION
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ABSTRACT
Background: There are no data on in vivo skin dosimetry of volumetric modulated arc therapy (VMAT) without bolus for tumor bed
irradiation after breast-conserving surgery (BCS) and whole breast irradiation (WBI). The purpose of this study was to evaluate the
accuracy of the expected dose to the tumor bed in patients undergoing non-bolus VMAT using in vivo skin dosimetry.
Materials and Methods: /n vivo skin dosimetry was performed in 78 patients who underwent image-guided helical VMAT to the
tumor bed after BCS and WBI. The expected doses at 1279 points were compared with the measured doses. The relative errors and
variations of the relative errors were evaluated.
Results: The relative errors for 0.01-0.09 Gy, 0.10-0.49 Gy, 0.50-0.99 Gy, 1.00-1.49 Gy, 1.50-1.74 Gy, and = 1.75 Gy were
—0.666+9.442 % (95 % Cl —1.958-0.627 %), —0.265 + 4.010 % (95 % CI—0.809-0.278 %), —0.205 + 2.506 % (95 % Cl —0.511-0.101 %),
0.207 +£2.024 % (95 % Cl —0.045-0.459 %), and —0.182 +1.665 % (95 % Cl —0.449-0.084 %), respectively. The absolute value of
the relative error was smallest for expected doses of 1.75 Gy or greater. The variation in relative errors was significantly greater at
0.01-0.09 Gy (p <0.001), 0.10-0.49 Gy (p <0.001), 0.50-0.99 Gy (p =0.023), and 1.00-1.49 Gy (p = 0.003) than at 1.75 Gy or greater.
The variation of the relative error at 1.50—1.74 Gy was not significantly different at 1.75 Gy (p = 0.465).
Conclusions: In vivo skin dosimetry has confirmed that image-guided non-bolus VMAT is capable of accurately delivering radiation
to the tumor bed after BCS and WBI.
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BBegeHue

[lokasaHueM JJia MOABeJeHUA [OMNOJHUTEJbHOU
J103bl 006/1y4eHHUd (6ycTa) y HalHeHTOK [10CJIe OpraHOCOoX-
paHsAwLlel onepalnuy Ha MOJIOYHOH XKeJle3e U 061y 4eHU s
BCe MOJIOYHOM XeJie3bl ABJAAI0TCSA I03UTUBHBIE Kpas pe-
3eKL UM, BbICOKAs CTeNeHb 3/J10Ka4eCTBEHHOCTH OIyXO-
JIeBOM TKaHHU, paclpoCTPaHeHHbIH BHY TPUIIPOTOKOBBIN
pak u/vuau Haauuyue JAUMGQOBACKY/ISPHOH HHBA3UH, a
TaK»Xe M0JI0/I0M Bo3pacT nanueHTok [1, 2]. CoobiiaeTcs,
YTO MOJBeJleHHe OyCTa IMOocCJie OPraHOCOXpaHsIoIel
onepanyy He BJIUSET Ha JOJTOCPOYHYIO OOIIYI0 BBIXKH-
BAaeMOCTb, HO MOKET yJIy4LIUTb JIOKaJIbHbIH KOHTPOJIb (C
JIyYIIMMHU pe3yJbTaTaMU Y MOJIOABIX MALUEHTOK), XOTs
Y TIOBBILIAET PUCK YMEPEHHOT0 UJIM TsXeJoro ¢pubposa
[3]- YToO6bI NOBBICUTH 3¢ PEKTUBHOCTD OYCTAa U MUHUMU-
3UpOBATh HeXKeJlaTe/IbHbIE ABJIEHUS, COOTBETCTBYIOIAs
Jl03a 0J1>KHa MO BOAUTBCA COOTBETCTBYIOIMM 06pa30oM.
Tepanus 3/1eKTPOHHBIM Iy YKOM SIBJISIETCS pacnpocTpa-
HEHHBIM MeTOJI0M NoJiBeJleHUsl 0ycTa, HO UMeeT DAJ
OTpaHMYeHUH, BKJIIOYAsd OTPAaHUYEHHYIO IVIyOHUHY Npo-
HHUKHOBEHHUS, He0OX0JUMOCTb UCIOJIb30BaHUA OoJtoca
1S npeJlynpex/ieHUs HeJoCTaTOYHOTr 0 00/1y4eHHs o4a-
roB BOJIM3M NOBEPXHOCTH KOXH, MeHee TOUHOe HaBeJle-
HHe [10 CDaBHEHMUIO C IyYeBOM Tepalrel C KOHTPOJIEM IO
M300pa’keHH10, a TaKke OTPaHUYeHHY0 KOHPOPMHOCTh
Jl03bl, IOCKOJIBKY 3JIeKTPOHHbIE TyYKH He COOTBETCTBY-
10T $opMe ONyX0JIH, KaK PU 06’beMHON MO/ yIUPOBaH-
HO# nyroBou Tepanuu (VMAT), 4To noTeHHaJIbHO MO-
»KeT NPUBOAUTD K HeZLl006/Iy4eHHI0 B OJHUX 00/1aCTAX U
nepeo6/Iy4eHHI0 B OKPY>KAIOIMX HOPMAJIbHbIX TKaHAX.
BoJutoc MoXeT NpeJOTBPAaTUTh CHUKeHUe J]03bl Ha KOXKY
NP Tepanuu 3J1eKTPOHHBIM IyYKOM, HO HE0OX0AUMOCTh
ero ucnoJsb3zoBaHuda npu VMAT saBsidgeTcsa npeameToM
auckyccult [3, 4]. HackoaibKoO HaM M3BeCTHO, He Cylle-
CTBYeT MCCJIelOBAaHUM in VIVO N0 KOXKHOH JO3UMETPHH,
KOTOpBbIe OlleHUBaJ I Obl TOYHOCTb 0XKH/laeMOH J03bl IPU
6e360s10cHOM VMAT Ha JioxKe 0myX0J14 I0CJie OPraHoCoX-
paHsAIeN onepanuy U 06J1ydYeHN s MOJIOYHOH XKeJe3bl.

llesb Mccej0BaHUSA — OLLEHUTb TOYHOCTb OXKHU/a-
€MOH [103bl Ha JIOKe ONYXO0JM Yy NalMeHTOK, NoJ1y4alo-
mux 6es36onatocHy0 VMAT, ¢ noMouibio in vivo KO}XHOHU
Jl03UMeTPHH.

MartepuaJibl U METOABbI

Bce mporenypel, BBIMOJHEHHBIE B JAaHHOM HCCJIe-
IOBaHUU, COOTBETCTBOBAJIM 3THUYECKHUM CTaHJapTaM
WHCTUTYIMOHAJbHOTO W/WJU HALlMOHAJIBHOI'O HCCJIe-
JI0OBaTeJbCKOI0 KOMHUTETa, a TaKXe XeJbCHHKCKOU
AekJyapayuu 1964 ropa v mocsaefyoUidM NONpaBKaM.
UccnepoBanve 6b1JI0 006pEHO MHCTUTYLHMOHAJIBHBIM
HabJTI0jaTeJIbHBIM COBETOM O60/IbHUIIBI dmoraBa (Ne RO-
0910), oT Bcex naleHTOK ObIJIO MOJYy4eHO HHPOPMHUPO-
BaHHOE COTJIacHe Ha BCe MPOoIeAyPhI U My OJTHUKAI[UH.

JleueHue

B ucciaenoBaHue 6blJIM BKJKYEHbl 87 MalMEHTOK,
KOTOPBIM OCJIE OPraHOCOXpaHsIollel onepaLuy U 06-
JIy4eHHUs1 MOJIOUHOMU KeJsie3bl MPOBOUJIOCH MTO/IBE/IeHUE
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Introduction

Radiation boost is indicated for patients following
breast-conserving surgery (BCS) and whole-breast
irradiation (WBI) with positive surgical margins, high-
grade tumors, extensive intraductal carcinoma and/or
lymphovascular invasion, and younger age [1, 2]. It has
been reported that radiation boost after WBI has no
effect on long-term overall survival, but may improve
local control, with the greatest absolute benefit in young
patients, although it increases the risk of moderate
to severe fibrosis [3]. To maximize the effectiveness
of the radiation boost while minimizing adverse
events, the appropriate dose should be delivered in
an appropriate manner. Electron beam therapy is a
common method of delivering a radiation boost, but
it has several limitations, including limited depth of
penetration, need for bolus to avoid underdosing lesions
near the skin surface, less precise targeting compared
to image-guided radiation therapy (IGRT), and limited
dose conformality because the electron beams do
not conform to the shape of the tumor as they do with
volumetric modulated arc therapy (VMAT), potentially
leaving some areas undertreated while overdosing
the surrounding normal tissue. Bolus can prevent
skin dose reduction in electron beam therapy, but the
need to bolus with VMAT is controversial [3, 4]. To our
knowledge, there are no in vivo skin dosimetry studies
that evaluate the accuracy of the expected dose of non-
bolus VMAT to the tumor bed after BCS and WBI.

The purpose of this study was to evaluate the
accuracy of the expected dose to the tumor bed in
patients undergoing non-bolus VMAT using in vivo skin
dosimetry.

Materials and Methods

All procedures performed in this study complied
with the ethical standards of the institutional and/or
national research committee and with the Declaration
of Helsinki of 1964 and its subsequent amendments.
This study was approved by the institutional review
board of Edogawa Hospital (#R0-0910), and informed
consent was obtained from all patients for all
procedures and publications.

Treatment

Eighty-seven consecutive patients who underwent
radiation boost to the tumor bed after BCS and WBI
were included in this study (median age 51 years,
range 41-73 years, pTy,-T3 No_; MO0). Reasons for
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[03umeTpusa KoxKu in vivo npu 06beMHO-MOLYIMPOBAHHON AYroBOiA...

JIOIIOJIHUTEJIbHOW /03bl 06JIyYeHUsI Ha JIoXKe OIYXOJIH
(MenuaHa Bo3pacTa 51 roj, auanasoH 41-73 roaa, pTy,-Ts
No_1Mg). [IppuurHamu AJisl 6ycTa ABJASIUCH TO3UTUBHBIE
Kpas pe3eKLUH, BbICOKAs CTelleHb 3JI0Ka4YeCTBEHHOCTH
OMNYXO0JIY, PaCIPOCTPaHeHHbIH BHY TPUNIPOTOKOBBIH pakK,
Hasnuue JUMPOBACKYJSIPHOM WHBA3UU UJIW MOJIOJOU
BO3pacT manueHToK (< 50 jsieT). O6yyeHHEe MOJIOYHOHN
»KeJie3bl IPOBO/UJIACh C UCII0JIb30BaHUEM TEXHUKHU CIIH-
panbHOl VMAT c HaBeJjeHHEM 110 U3006paKEHUIO C CYM-
MapHo#t o301 45-50 I'p B 25 Ppakyusx B TeyeHue 5 He-
geab (TomoTherapy®, Accuray, MagucoH, BuckoHcuH,
CLIA). lono/JHUTENBHO, TOCJIE 06/1YYeHU s MOJIOYHOM XKe-
JIe3bl JIOKe Oy X0JIM 00J1yYaJ/Iv C IOMOILbIO CIIMPAJIbHON
VMAT. CymmapHasi fo3a coctanJsiua 10 'p B 5 dpakuusx
B TeyeHUe 5-7 fHel. 06beM MJIaHUPYEMOT0 00J1yYeHUS
(PTV) 6b11 pasMeydeH C paBHOMEPHBIM TPEXMEpPHBIM 3a-
nacoM B 1 ¢M BOKPYT XMPYPTUYECKUX KJIUIIC, IPU 3TOM
PTV 6b11 orpaHuyeH 2,5 MM OT NOBEPXHOCTH KoxKU. PTV
MOT PaclpoCTPaHATHCS Ha 4 MM B UIICUJIaTepaJsIbHOE JIer-
koe. MncusaTepasibHast M KOHTpaJaTepasibHas M0OJIOY-
Hble KeJle3bl, UIICUJIaTepabHOe U KOHTpaJlaTepabHOe
JIeTKHe, a TaK)Ke cep/ilie U CIMHHOM MO3T KOHTYpPHpOBa-
JIUCh Kak opraHbl pucka (OAR).

H3mepeHnus

JlosumeTpusa in vivo NOBEPXHOCTH KOXH B 006Jia-
CTH JIOXKa ONMYXOJIM MPOBOAMUJACH C UCIOJb30BaHUEM
HM30TPONHOr0 MNATUTOYEYHOTO 3HEProHe3aBUCHMOIO
MaccHuBa [03UMeTPUYECKUX AeTEeKTOPOB C TOYKaMH U3-
MepeHHs, pacrnoJoKeHHbIMU Ha PACCTOSHUHU 2 CM JipyT
ot apyra (TN-252LA5 Linear 5ive MOSFET Array, Best
Medical Canada, OtTaBa, OHTapuo, Kanaza). [1aTb mosty-
MPOBOJAHHUKOB GUKCHPOBAJIMCH JIEHTOH TOPHU30HTAJIBHO
B/I0JIb TTOCJIEOTIEPALMOHHOT0 py61a, MTPOBOAUIHUCE CKa-
HupoBaHus Ha KT, u BeinosiHsiiack VMAT ¢ HaBeieHUEM
M0 M300paKEHUIO C MMOMOILbI0 COIHPAJbHONH TOMOTepa-
nuu. boutoc He ucnosb3zoBasics. [locsie nepBoi, TpeTbel
Y ISATOU ceccuid U3 5 ppakiuit 061yyeHHad [[03a B Kax-
Jl0M TOYKe ZJ03UMeTPUYEeCKOro MacCuBa CpaBHUBAJIACh C
oxuiaeMol f030i. OkugaeMas 03a pacCYUThIBAJaCh
CUCTEMOM MJIAaHUPOBAaHMUS JIedeHUs C UCN0JIb30BaHUEM
KOMOMHAIMY aHAJUTUYECKUX AJTOPUTMOB M METO/I0B
MonTe-KapJio. 3aTeM 0THOCHTeJIbHAS MOTPeurHOCTh (%)
paccYMTHIBAIACH CAEAYIOUIUM 06pa3oM:

OTHOcUTebHAsA NOTpemHocTh (%) =
(M3mepenHas no3a — Oxuzmaemas f1o03a) / Oxxuzgaemas gosa x 100.

[Tockosbky no3el MeHee 0,01 ['p HaxoAATCA HUXKeE
YYBCTBUTEJbHOCTU CUCTEMBI in ViVo JO3UMETPHUH, B aHA-
JIN3 OBLJIY BKJIFOUEeHBI 1279 To4yek JO3UMETPUH C O3KH1a-
eMbIiMu 3HayeHusiMu 0,01 T'p u BhllIe.

Cmamucmu4ecKuil aHa1u3

OTHOCUTe/NIbHblE MNOTPEUIHOCTM W UX BapUaliUu
OLIEHUBAJIUCh Ny TeM pa3jesieHUus 0XKUAaeMbIX 103 Ha 6
nuanasoHos: 0,01-0,09, 0,10-0,49, 0,50-0,99, 1,00-1,49,
1,50-1,74 u 21,75 T'p. Bce nanHble npeicTaB/eHbI B BU/Je
CpefHee 3HaYeHUe * CTaHJApPTHOe oTkKJoHeHUe (SD) u
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radiation boost were positive surgical margins, high-

grade tumors, extensive intraductal carcinoma,
lymphovascular invasion, or younger age (< 50 years).
WBI was performed using the image-guided helical
VMAT technique with a total dose of 45 to 50 Gy in
25 fractions over 5 weeks (TomoTherapy®, Accuray,
Madison, Wisconsin, United States). In addition, the
tumor bed was irradiated with helical VMAT after WBI.
The total dose was 10 Gy in 5 fractions over 5 to 7 days.
The planning target volume (PTV) was drawn with a
uniform 1 cm 3-dimensional margin around the surgical
clips, and the PTV was limited to 2.5 mm from the skin
surface. The PTV was allowed to extend 4 mm into the
ipsilateral lung. The ipsilateral and contralateral breast,
ipsilateral and contralateral lung, and heart and spinal

cord were contoured as organs at risk (OARs).

Measurements

In vivo dosimetry of the skin surface around the
tumor bed was performed using a five-point isotropic,
energy-independent semiconductor dosimeter array
with measurement points spaced 2 cm apart (TN-
252LA5 Linear 5ive MOSFET Array, Best Medical
Canada, Ottawa, Ontario, Canada). The five dosimetry
points were taped to align horizontally over the
surgical scar, and megavoltage CT scans were taken,
and image-guided VMAT was performed using helical
tomotherapy. A bolus was not used. After the first, third
and fifth sessions of 5 fractions, the irradiated dose at
each point of the dosimeter array was compared with
the expected dose. The expected dose was calculated
by the treatment planning system using a combination
of analytical algorithms and Monte Carlo simulations.
Then the relative error ( %) was calculated as follows:

Relative Error ( %) =

(Measured Dose — Expected Dose) / Expected Dose x 100

Because doses less than 0.01 Gy are below the
sensitivity of the in vivo dosimetry system, 1279
dosimetry points with expected values of 0.01 Gy or
greater were included in the analysis.

Statistical analysis

The relative errors and their variations were
evaluated by dividing the expected doses into 6 ranges,
0.01-0.09, 0.10-0.49, 0.50-0.99, 1.00-1.49, 1.50-1.74,
and = 1.75 Gy. All data are expressed as mean * standard
deviation (SD) and 95 % confidence interval (CI).
A Brown—Forsythe test was used to compare the
variation in relative error in each dose range, and a
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Puc. 1. Inarpammbl paccesHUs OXKMUAAEMbIX U USMEPEHHbIX 103 U OTHOCUTE/IbHbIX MOrPeLHOCTEN. @ — AMarpamma
pacceAHMA OXMUAaeMol U M3MepeHHOMN A03bl. HabntogaeTca xopoLuan Koppenauma mexay OXXuaaemon U UsmepeHHoM
fo3amu. KoadoduumeHT koppensaumn (r) coctasun 0,999; b — grarpamma paccesHus 0XKULaeMon f03bl U OTHOCUTENbHOM
norpewHocTn. Habntoganach TEHAEHLMSA K YBEIMYEHWUIO OTHOCUTE/IbHOM MOTPELLHOCTM C YMeHbLIEeHNeM L03bl 061y4eHns

Fig. 1. Scatter plots of expected and measured doses and relative errors. a — Scatter plot of expected and measured dose.
There is a good correlation between expected and measured doses. The correlation coefficient (r) was 0.999; b — Scatter plot
of expected dose and relative error. The relative error tended to increase with decreasing radiation dose

95 % noBepuTenbHbId HHTepBaa ([AU). na cpaBHeHUs
BapHalUui OTHOCUTENbHON MOTPELIHOCTH B KaXK/JOM U-
amnasoHe Jj03 UCI0Jb30BaJIcs TecT bpayHa—®opcaiiTa,
U p-3HadyeHue MeHee 0,05 CYMTA/NOCH CTAaTUCTUYECKHU
3HAYUMBbIM.

Pe3ysibTaThl

Ha puc. 1la npeacTaB/ieHa AuarpaMma paccesiHAs
0’KM/J1aeMOH [103bl B 3aBUCUMOCTH OT U3MepEeHHOMU J03Bbl.

Mexy 0oxu1aeMOi U U3MepeHHO! 103aMU HabJIo-
JaJiack xopouas koppenasanus (r=0,999, r: koapdunu-
eHT Koppensanuu). OTHOCUTeIbHAsA NOTPeLIHOCTb UMe-
Jla TEHJIEHLIIMI0 K YBeJMYEHHUI0 C YMeHblleHUeM J03bl
o6saydeHuss (puc. 1b). OTHocUTeJbHble MOTPELIHOCTHU
nja auanasonos 0,01-0,09, 0,10-0,49, 0,50-0,99, 1,00-
1,49, 1,50-1,74 u 21,75 I'p coctaBuau -0,666 + 9,442 %
(95 % [IN: -1,958-0,627 %), -0,265 £ 4,010 % (95 % AU:
-0,809-0,278 %), -0,205+2,506 % (95 % AH: -0,511-
0,101 %), 0,207 2,024 % (95 % AH: -0,045-0,459 %) u
-0,182+1,665 % (95 % [AU: -0,449-0,084 %) cooTBeT-
CTBEHHO (puc. 2).

[Tocko/ibKy abGCOIIOTHOE 3HAaYeHHe OTHOCUTEJIbHOU
HOTPELIHOCTH OblJI0 HAUMEHBUIUM JIJI51 O3KU/AeMBbIX [03
21,75 I'p, BapualLisi OTHOCHUTEIbHOMN IOTPEIIHOCTH CPaB-
HUBaJachb MeXAy Auana3oHoM 21,75 I'p U KaxJbIM U3
JPyTUX AWaNa3oHOB A03. TO [I0Ka3aJo, YTO Bapyualus
OTHOCHTEJIbHOYM NOTPeIHOCTH Obl/1a JOCTOBEPHO 60JIb-
e npu 0,01-0,09 I'p (p<0,001), 0,10-0,49 I'p (p<0,001),
0,50-0,99 I'p (p=0,023) u 1,00-1,49 I'p (p=0,003), uem
npu 21,75 'p. OgHako BapualUsi OTHOCHUTEJbHOU MO-
rpewmHocTy ipu 1,50-1,74 I'p He oT/IM4as1ach JOCTOBEPHO
oT TakoBo# npu 21,75 'p (p=0,465) (puc. 2).

O6cyxaeHue

HackoJsibKo HaM U3BECTHO, 3TO NIePBOE COOOIIEHMUE, B
KOTOPOM C IIOMOII[bI0 CUCTEMBI in Vivo I03UMeTPHUHU Olle-
HUBAETCSI TOYHOCTDb 0XKUAAaeMOH Z103bl PH 6€360J110CHON

p-value of less than 0.05 was considered statistically
significant.

Results

Figure 1a shows a scatter plot of the expected dose
versus the measured dose.

There was a good correlation (r=0.999, r:
correlation coefficient) between the expected and
measured doses. The relative error tended to increase
with decreasing radiation dose (Figure 1b). The relative
errors for 0.01-0.09, 0.10-0.49, 0.50-0.99, 1.00-1.49,
1.50-1.74, and =21.75 Gy were -0.666 +9.442 (95 % CI
-1.958-0.627), -0.265 +4.010 (95 % CI -0.809-0.278),
-0.205%2.506 (95 % CI -0.511-0.101), 0.207 +2.024
(95 % CI -0.045-0.459), and -0.182+1.665 (95 % CI
-0.449-0.084), respectively (fig. 2).

Because the absolute value of the relative error was
smallest for expected doses of 21.75 Gy, the variation
in relative error was compared between 21.75 Gy and
each dose range, which showed that the variation in
relative error was significantly greater at 0.01-0.09
Gy (p<0.001), 0.10-0.49 Gy (p<0.001), 0.50-0.99
Gy (p=0.023), and 1.00-1.49 Gy (p=0.003) than at
>1.75 Gy. However, the variation of the relative error at
1.50-1.74 Gy was not significantly different at 21.75 Gy
(p=0.465) (fig. 2).

Discussion

To our knowledge, this is the first report to evaluate
the accuracy of the expected dose of non-bolus VMAT
to the tumor bed after BCS and WBI using an in vivo
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Puc. 2. MpadmK pasmaxa OTHOCUTE/IbHbIX MOrPELLIHOCTEN.

w 2 Orkunaaemble go3bl 6bIAM pa3geneHbl Ha 6 gnanasoHos: 0,01-
: 0,09p, 0,10-0,49 I'p, 0,50-0,99 I'p, 1,00-1,49 Ip, 1,50-1,74 Tp
b 1 ] S e n=1,75 Mp. 3HAYKM «X» COOTBETCTBYHOT CPEAHNM 3HAYEHMAM.
. ‘ LleHTpasibHble rOpM30HTaNbHbIE IMHUM — 3TO MeAMaHbl. HUKHUI
3? N BEPXHUI Npeaesibl KOPOOKN — 3TO NEPBbIN U TPETUI KBAPTUAK
el e 2 e COOTBETCTBEHHO. TOUYKM BbILLE UK HUXKE BEPXHEN U HUKHEN rpaHuL
g 8 . YCOB IBNAIOTCA BbIGPOCAMM
il ol- Fig. 2. Box plots of relative errors. Expected doses were divided into
g I 6 ranges, 0.01-0.09 Gy, 0.10-0.49 Gy, 0.50-0.99 Gy, 1.00-1.49 Gy,
® = . 1.50-1.74 Gy, and 21.75 Gy. “x” marks correspond to the means.
©-10 }- @i e 1€ CENEral horizontal bars are the medians. The lower and upper
od k: limits of the box are the first and third quartiles, respectively. Points
3 % above or below the whiskers” upper and lower bounds are outliers
SO Firsmese fosssssmmimmmms sy s e s
80.01-0.09 Gy 80.1-0.49 Gy ©0.5-0.99 Gy
30 01.0-1.49 Gy B81.5-1.74 Gy B81.75~Gy

Expected Dose (Gy)

VMAT Ha snoxe onyxouiu nocjae OCO u OMK. Pe3ynbTaThl
JIAaHHOTO MCCJIeIOBAHUS COIJIACYIOTCS CO CPAaBHUTEJIb-
HbIM MCCJIEeJJOBAaHUEM NALlMEHTOK, mojy4yaBumux VMAT
Wau 3-MepHyl0 KOHQOPMHYIO JIy4eBYIO Tepanuio Ha
IPYZHYI0 CTEHKY € 60J110cOM MU Ge3 Hero [4]. Bblsio mo-
Ka3aHo, 4To 6e360sr0ocHasgs VMAT TOYHO OABOJUT 0XKH-
JlaeMyI0 /103y K JIOXKY OIYXOJIH, IPUYeM YEM BBIIIE OXKU-
JlaeMas 103a, TEM HHMKe OTHOCHUTEJIbHAs IOTPEIHOCTb.
Jlns oxumaeMbix 103 1,5 I'p u GoJsiee oTHOCHUTeIbHASA
MOTPENTHOCTh OCTaBaJach HU3KOMH, U He ObIJIO BbISIBJIEHO
CYIL[eCTBEHHOU pa3HUIbl B BApUAIMH MOTPEIIHOCTH U3-
MepeHus1 Mex 1y Auanazonamu 1,50-1,74 I'p u 21,75 I'p.
JTo ykasbIBaeT Ha TO, YTO Ge36ostocHass VMAT moxeT
TOYHO TO/JIBOJIUTh U3JIyYeHUEe K JIOKY OMYX0JIH, Korja
OKHJlaeMasi 103a Ha Koxy coctaBJsieT 1,5 I'p u Gotee.
JlaHHOe ucciieJoBaHUE HMeeT HECKOJIbKO MpPenMy-
mecTB. Bo-nepBhIX, 6YCT MOXET NMPOBOJAUTHCS C IIOMO-
b0 6e360/10cHON VMAT, 1 TOYHOCTD €ro MnojBeseHus
BIIepPBBIE IIOITBEPK€HA C IOMOIIBIO in ViVo T03UMETPHUH.
Bes6oustocHass VMAT c HaBeZieHHEM 10 U300paKeHUIO T10-
3BOJISIET IPE0/I0JIETh OTPAaHUYEHU I TEPANIUH 3JIEKTPOH-
HbIM IIYYKOM, TaKHE KaK OrpaHUYeHHas IJyOuHa mpo-
HUKHOBEHUSI, HEOOXOAUMOCTb B 60Jitoce U3-3a apdekTa
HapacCTaHHsl, MeHee TOYHOe HaBeJeHUe 10 CPaBHEHUIO
C JIy4ueBOM TepamnueH MoJ KOHTPOJEM HM300parkeHUs U
OrpaHWYeHHasi KOHGOPMHOCTb J03bl. BO-BTOpBIX, OT-
HOCHUTEeJIbHbIE TOTPENIHOCTH ObIIM HUXKe NpU 6oJiee
BBICOKHUX 03ax (21,5 I'p), yeM npu 6oJiee HU3KUX J103aX
(<1,5 I'p). ITo sABAsAETCS MPEUMYIeCTBOM JIJIs1 HEPA/[U-
KaJIbHOTO 06JIy4YeHNs1 MOJIOYHOMH KeJie3bl [5, 6] uau He-
XUPYPruydecKoi paiuKaJbHOH JydeBoU Tepanuu 7], rae
MO/IBOAISITCS 60Jiee BbICOKHE 03bI 06/1YUEHUSI.
HccrenoBaHue UMeeT HECKOJIBKO OrpaHUYeHUH. Bo-
NEPBBIX, IPHU 60Jiee HU3KUX 0KUTAEMBbIX J03aX, 0COOEHHO
Hxke 0,1 ['p, oTHOCUTe/IbHAS MOTPEIHOCTh UMEET TeH-
JIEHIIMI0 K yYBeJWYEHUI0. ITO YACTUYHO OOBSCHSETCS
TEM, YTO YYBCTBUTEIbHOCTb J03MMEeTPUUECKOTO MacCH-
Ba (TN-252LA5 Linear 5ive MOSFET Array, Best Medical
Canada, OtTaBa, OHTapuo, KaHasa) 06bIYHO COCTABJISIET
MeHee 20 I'p 1 oH HauboJIee MOAXOAUT JJIsI AUaNa30Ha
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dosimetry system. The results of this study were
consistent with the comparative study of patients
who received VMAT or 3-dimensional conformal
radiotherapy to the chest wall with or without a bolus
[4]. Non-bolus VMAT was shown to accurately deliver
the expected dose to the tumor bed, and the higher the
expected dose, the lower the relative error. For expected
doses of 1.5 Gy or more, the relative error was kept low,
and there was no significant difference in the variation
of the measurement error between 1.5-1.74 Gy and
21.75Gy. This indicates that non-bolus VMAT can
accurately deliver radiation to the tumor bed when the
expected skin dose is 1.5 Gy or greater.

This study has several strengths. First, the radiation
boost can be delivered with non-bolus VMAT, and its
delivery accuracy has been confirmed for the first time
by in vivo dosimetry. Non-bolus image-guided VMAT can
overcome the limitations of electron beam therapy, such
as limited depth of penetration, need for bolus due to
build up effect, less precise targeting compared to IGRT,
and limited dose conformity. Second, relative errors
were lower at higher doses (1.5 Gy) than at lower
doses (< 1.5Gy). It is advantageous for partial breast
irradiation [5, 6] or nonsurgical definitive radiotherapy
[7], where higher doses of radiation are delivered.

This study has several limitations. First, at lower
expected doses, especially below 0.1 Gy, the relative risk
tends to increase. This is partly because the sensitivity
of the dosimeter array (TN-252LA5 Linear 5ive MOSFET
Array, Best Medical Canada, Ottawa, Ontario, Canada)
is generally less than 20 Gy and is best suited between
0.2 Gy and 20 Gy. From a radiation safety and efficacy
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oT 0,2 I'p 1o 20 I'p. C Touku 3peHUs paguanioHHOM 6e3-
OMacHOCTH U 3¢ GeKTUBHOCTH, IOJIBe/leHUe OyCcTa 0301
MeHee 0,1 'p Ha /103ke ONyX0JIM HE UMeeT KJIUHUYECKO-
ro 3HayeHHUs M0 CPaBHEHMUIO C 60Jiee BbICOKMMU [103aMU
(21,5 I'p). Bo-BTOPBIX, B JAHHOM HCCJIeJOBAHUU UCIIOJIb-
30BaJiach TOJbKO ofjHa cucTeMa VMAT. Cuctema JiyueBoi
Tepanuu ¢ KOHTPOJIeM [0 U300paXkeHHUI0 U CIUPaJbHOU
VMAT, ucnosib30BaHHas B 3TOM HUCCJIeJOBAHNUU, HE MOXKET
OBITb IKCTpANoJUpPOBaHa Ha Apyrue cucteMbl VMAT 6e3
JlajbHel1el HayyHo! npoBepKU. O HaKO, UCTI0JIb30BaH-
Hasd B JJaHHOM HccJiefjoBaHuU cnupasbHasd VMAT c Ha-
BeJleHUeM 10 U300pakeH U0 He SIBJISeTCs OrpaHUYeHHeM
JUIs1 loKa3aTebCTBA NPUHIUNNAJbHON BO3MOXHOCTH
6e36o00cHOM VMAT c HaBeZieHHEM N0 H3006paKeHUI0
Ha JIoXKe ONYXOJIM U MOJATBEPXKAeHNUs U3MepeHUuH ¢ 1o-
MOUIbIO N VIVO 103UMETPHUH.

BbIBOABI

Takum o6pasom, 6e36osrocHast VMAT c HaBeleHHEM
[0 M300paKEHHI0 Ha JIOXKE OMYXOJIM MOCJEe OPraHOCOX-
paHsolel onepaluy 1 06/1yYeHHsI MOJIOYHOH 3KeJle3bl,
KaK MOATBEPK/EHO in Vivo [03UMeTpHeN, MOXKET GbITh
YKU3HECIIOCOOHOU a/ibTePHATUBON Tepanuu 3JIEKTPOH-
HbIM Iy4KoM. [Ipexk/ie 4ueM ee MOXKHO Gy1eT IPUMEHSITh
JUIsST HepaJuKaJbHOTO 00JIYYeHUs] MOJIOYHOM KeJie3bl
WJIM HEXUPYPruYeCcKor CTepeoTaKCHYeCKo ab1aTHBHON
JIy4eBOM Tepanuu, He06X0MMbI JlaJbHEHIIIHEe Hay YHbIe
Hcce0BaHus.
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standpoint, radiation boosts of less than 0.1 Gy to the
tumor bed are not clinically significant compared to
higher doses (>1.5 Gy). Second, only one VMAT system
was used in this study. The IGRT and helical VMAT
system used in this study cannot be generalized to other
VMAT systems without further scientific verification.
However, the image-guided helical VMAT used in this
study is not a limitation for the proof-of-principle of
non-bolus image-guided VMAT to the tumor bed and
measurement confirmation by in vivo dosimetry.

Conclusions

In conclusion, non-bolus image-guided VMAT

to the tumor bed after BCS and WBI may be a viable
alternative to electron beam therapy, as confirmed by
in vivo dosimetry. Further scientific validation is needed
before it can be applied to partial breast irradiation or
nonsurgical stereotactic ablative radiotherapy.
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