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Knowledge for radiotherapists about stereotactic body radiotherapy for lung lesions
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mMsSnwlsangiSslannsenzisanseaneludilenmemalinn1saiesadsiuiing (stereotactic
body radiotherapy, SBRT) {uisnilsfimiangan wazuwsiugh anansnanuinasdnesioslndifeldn
A fannmsufunmadenununsiidadmsugiaedldannsaidald Fsditadelunsfiansaniden
Q{lwsﬁuﬁu anms19ne Mssneviindun svernaUasnlsnnzise Sunufoutzd MnvesiouuiSe
yiavowmziferuiiia ufu mianedddeiiiemismiuuiudigs duegtumsiaviuazns
L?‘ﬂaﬂiﬂﬁaﬂmzﬁﬁmm?qﬁﬂaaﬁmmvaﬂmlﬁavsw smﬁﬂuﬁﬂ’mﬁﬁauwL%qasiu%nmﬁﬁﬂmﬂéiaulmum
Assin1sdnnsiseanismela (respiratory motion management) Guuaaﬂmﬁﬁhjmuml,l,uvuwaq AAPM
task group 76 Wieananuaaiandeulunisaiesed YenaNiinIsnsIadeUsuLIneunisateded
mowaiansldsdsinidadanudndunazdrdguin Teefinsldszuuniniiia (image-guided
radiotherapy, IGRT) untelunisniaaeuaugnieswesiurinisatedmemaianisaneSed

TN
Addny: ueisaen, N1sanesadsiniide, ssuunwid1id, Msdavigdae

Abstract

Stereotactic body radiation therapy (SBRT) is a technique that utilizes precisely targeted
radiation to a tumor while minimizing radiation to adjacent normal tissue for lung cancer and
lung metastasis. SBRT has been evolved as option for medically inoperable patients. Factors that
are considered in selecting patients lung SBRT are performance status, option of treatments,
disease-free interval, number of lesions, size of the tumor, histopathology of primary tumor.
The overall goal of SBRT technique is to target tumor accurately, which depends on the
positioning and selection of the immobilization device. Moreover, respiratory motion
management should be carried out for moving target as recommended by the AAPM task group
76. To minimize the error of treatment, checking the position before irradiation is necessary.

Image-guided radiotherapy (IGRT) is essential for SBRT.

Keyword: Lung cancer, stereotactic body radiation therapy (SBRT), image-guided radiotherapy
(IGRT), positioning
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wardundslunsshuldaaiaedau® f91uide

Anwinisaneuziseusnulennisgunsaiaessiin
NUIINISLT UL 1NINE1IUUAINITAY 18RS

A110]

2 ) Py YA = I~
Lﬂa@u‘lﬂflsﬂaﬂaﬁﬂ'}giﬂﬂ LL@%LM&JWSﬂUQUQU%%N

nsaneseduinamileluuanin (supraclavicular,
SPC) Ty Tednfinvesnisidminning1ifesna
yhliginsueesandasn uenaniusnsesii
fensnaununsatedsd esmnuvugiiseraitn
weglununfidideanisarslneanzmasndg

o o

a0 (lateral)

3. 1ANANTSRAN85985UNNA (Stereotactic
body radiation therapy)
AsRNeSAESIWARNRluUS AU Wwanglunsain

v P

AoufnwinmdnuazUaglianmnsandald nailai

-

folgindumsshwduanasgiuresnssnuriasse
Uanwazuziieanszaeunuinalen lnenwui Sevas

75 weaUaenagldsunisanesiddiemaiaiilu

12 padediina

HU2eINIsUNsnIEateuiven
LA BYLATHANIISAYITIA tnedIulINUSTUn
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ae3edUszan 3-8 A%t ununsinunsaiiuansly
A 5

Lﬁaqmﬂﬁﬁl,l,miq‘uaaﬁaumﬁaasuiu'%muﬂaﬂ%’qﬁ
mapdeulmmunismels vlfeunssanunse
wndouilalunniianislasianizuuivu-ans
(longitudinal) uazsumsvesieunziSaiioguiim
Janduansazdnisiadeulmuinniiuiiaalen
shuuy ielrfimugndeausiuglunsinwdenis
21059839 3ndufoelin1sivusveulvnvesiou
121539 planning target volume (PTV) Tinsaungy
maedeulmvastoununismela Tagnisiivun
PoULRTaIfauzSInsiinsdan1sisesnsmela
(respiratory motion management ) ‘ﬁuagﬁuﬁgﬁ'm‘ﬁ'
respiratory motion management A 31AUE1NYB4
AAPM task group 76" @

- Respiratory gating method @ ﬂizmumiﬁ
fo9dl 4D-CT scan uag respiratory gating system
Frzannsadenane s @anieuninIaIueinis
melala nmsinunveulrnvpIfauLzISIAITIEeN
129 end-exhalation Feegszminetasnaimsmela



AN 5 NMTINLNUNTSAYIAEWATAN1IA 85I IANR (Stereotactic body radiation therapy)

i 30-70 lWau1saanvuIAYes internal target
volume (ITV) adLwiﬁjﬂasJﬁsl,%mﬂﬁﬂﬁﬂﬁma‘Lﬂiﬁ
aihiaue wonmntumadatersldnailunsaned
LI TN E D NaNENIE UE a8
mela

- Breath hold method #i® nsyuIUNISAUATW
CT scan mmzﬁ@’ﬂaamﬂaLsi’hLLazﬂéy’umsJ% (deep
inspiration breath hold, DIBH) dwilivaniinis
veeTunaziilendulugunds Yaeandunsione
neUsaumsonuazludesing nsivunveulIRnoU
UziSeEnsaanIuAves TV adbdiilosninasiiv
fiaya97n breath hold scan dw¥umedaiiitedes
annsanaumglald 10-20 Jund

- Force shallow breathing with abdominal
compression fis NMsldaunsaliiveurglunisna
aui ifledasannisadeulmvestounzitouay
Faglinsmelaiifamylndidsmnadslunisane
wadainzdmviuiiasdiinisiadeufivesdou
59NN 1 wURlunS

- Real-time tumor-tracking method Hunns
2185987 en1sAnnIun1siadousunlsvesiou
12159 lnganansaidents 2 38 loun fiducial tracking
1Junsld fiducial gold seeds inlulufeuuzisa
3ni3fe soft tissue tracking A mSunsdifiviu
FouuzSefivenlidaau

é’m%’uiiqwmmaqmaqﬂﬁﬂiﬁﬁﬂﬂ%@ﬂﬂiﬂi
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gl + 6 Hadwns FaazimumRausToss1aninis
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iesnnnsaneded@siuinn WunisaneSEnlw
Unadedadlu 1-5 ada Tnodedliusunssdgs
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A 6 . uniagunsaingaaduniavngla (RPM)

v.n33udmzmImglavesiiiemenismeladt naula (DIBH)

nﬂﬂ%ﬁ ﬂmm%&mmima%ﬁnﬂ%umau Fausinis
31889n13218598 n1sidengUnsaldaned Ui
A1TINUNUNITRIUTIE N19911A N0 (image-
guided radiotherapy, IGRT) faanaun1sanesed
AUae Aeavieigausinsylauaziinisnsiaasy
paeaunsvhsUsziunmnluusasduneu’

4. N529FUALAUINITRIBSIFANAINLNAD
(image-guided radiation therapy, IGRT)

nsfhwdUasueiselendismaila SBRT @e
mslisedUsuugwoneuziseggnses wiug
Fatu nsidenmadansavaeusiuninisaised
a1 m3a (IGRT) 3eiannusndusgredansiz
anunsaieiibidanugndesuduglasianiy
Asanededusnaleniiiinisndeuiivestounas
2J81zmn99 lanaaanaiainnsmela aunsaiu
mswasunlasesieunasiiienanidssUSunausdi
ounszaeidgidefeunilassouldogied
Usegdnsnm 3&ﬂ’ﬁéfﬁ]x‘iﬁ’lﬂ’]i(ﬁﬁ’)ﬁ]ﬁauﬁ’nmﬂdnﬂﬂ%ﬁ
Aowhnisane$ed Tneingsmelud
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4.1 Electronic portal imaging device
(EPID)

Dunmenaisd 2 38 lnefinisiieugy
flunw (digital reconstructed radiography, DRR)
Ingdauninieuyinnis EPID a1nluyy antero-
posterior (AP) (f75Un1w 0 83f1) uay 3 lateral
(F5unIn 90 W3e 270 846) WazeIAITIINTT
28939 TnesyAund ey @i viunsivaeu
fundsazannsaldlatdundanusysuilaliad
(V) wazmngload (MV) Tufudosifnuazanumane
auluwtazse wansnsiieuiieulunwil 7 dmsu
n1sanesidvsialen fletersiiddey (critical
organs) fisndusessziadufiay nandessddin
Wuludeteazaanan loun ludumas (spinal cord)
Uan (lung) waziila (heart) Tnetnausinisiisunin
\ensrvaeusunisneunsatesdsesiansania
Snuaz s¥AU wazsumiweetazdug Usenau
M loun nszndunas nszgnnTen ﬂiz@ﬂﬁ?ﬂma
nszantvalaiiveulen uarvousaNevate



AR 7 awUSeuiigunIn DRR kazn W EPID

n. 1w EPID lngldwaanussauinzlianluin AP veadUae

. a1 EPID Tagldndsnuseiumngliadlui lateral vathe

4.2 Cone-beam computed tomography
(CBCT)

4

PINTUADUNITINUNUNIRNYTIE Unndaz

=

finsnaguiounziie atedr wasdunisd1fy
Fuduazdadldlunisiarsannsiaaeulunisnsia
gousula JsUszneudie eross tumor volume
(GTV), clinical target volume (CTV), PTV 28U
31985038 (body contour) veulwadan ludumea
e uazlvusviaenau (carina)
wnasinsiisunimiiensiadeusunsn oy
nIanesidvesiUisuisalensiy CBCT uanmile
PNANTUTNYUE T8AU Lagsiuniaves nszandu
VA4 NSEANNTINON ﬂiz@ﬂ%lma nszgnivavaii
wi? §enrsiansaunveuden vous1NeveEUle
53ds duniswesiesunziiedanelureuivnues
PTV wu1n LLazmiLﬂ?{auuﬂangﬂﬁwﬁuadﬁau
lodunas funisves carina Wila naene1vs lag
msagjmU‘Luﬁuaummaaﬁuﬁﬁ%’ﬁuwmsﬂﬁﬁwmsmm
(contouring) 13 FauansnmuSsusiisunisyi CBCT

Tunnuualuning 8 weNaNTUAITAIITUINITIN
CBCT a1y protocol IGRT aufiuanstunwi 9

5. wathaiRBsiiiinty (side effect)

winsanesedmemada SBRT 1Hun151in3ed
Wanssluatounzidedaldunsdmnuliinased
oghauiug Freanlemaiiioideseuazgnihans
Tiioefianonlsfinmudeaianatnafestuld
nafiind onaone1s (esophageal toxicities)
TonaAnNat19LABTEeZL A8 UNAY 6-14% Lawil
$1897UN15LAA acute esophageal toxicities LAAAN
naoneInska suUsHIuSd@AY 19 1nsd Tunis

v

218598 5 Asq 4!

waduanbisuusasaleies
dmiunadnameagunsilaun esophageal ulcera-
tion, hemorrhage

HaU1ALONTINTI0N (chest wall toxici-
ties) ann1sanesedileniainlviinnisuin w3
NsEANUSINNTIeNTNIANT 4-45%""" dulngdn
lisuusauazannsoinuld dslunisaredsdasan
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AWl 8 A CBCT woagftheflanesduinaen
. A W CBCT Tuuua Axial 2. AW CBCT Tuwua Sagittal - @. Aaw CBCT Tuwwa Coronal

MV/kV s
—_— Check position

AP/ Lat set up
’ | |

~ dwmidhigndes —

Re-position

A
ANUANIAAADY Re-position
—_—

>3 mm

AN 9 IGRT Protocol waeanisanesaduzissusnaulanmiawmaila SBRT
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USunaussdlimunzauiiotisanuadnafissdfioziin
Fylge

nadhaABsseUen (lung toxicities) fUefils
Sun1sanesEuSalanLarasna I SHNIAANS
adsslandnauaInMIateTidlivssusliiunss
wuld 0-29% dusunisidenldnaiian SBRT!

6. Yaadsszaslunisanededdlumaiia SBRT
(special consideration in SBRT technique)

1. mIsiasandnwugnennvesy Uity
nsdavin daudesdansnisine Wy sedunoud
Ftheannsasnlduinaiiionnisuin itelianunsa
Wongunsaldassatheldvngauiudllsusas e
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fou tieluaulusunsldiniloudunniu Wudu
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ndumglaldainaue Tavoradosinstindeusuis
finmsefuneteuazieids lritheithlafiomsufim
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4. MIEINIEUNUITEINTTIQUNTAINTIA

Junsmelalagldis real-time position manage-

ment system AasidenUsIUNInsndeulnInae
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aud funensgan xyphoid fiuagse (navel) vas
¥t
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ATUAITINLAUAITING
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26398 evdnidssnsvuiuissieuvuding Tay
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NngURMHDE1THY
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Fdalel uinsidendiheifieinfumsinwshenis
a1efadmalla SBRT AeaiansananInsenieglle
Taefthedesanmnsalsiniusuioruidmindled
‘NE]ﬂﬁ]’]ﬂ‘lj?UfW’]'i‘:]J@Wf’]‘UENﬁﬂ?ﬂﬂﬁﬂ“ﬁ’ﬂﬂmaaLﬁ‘&m
sounay nnzdumadiafidudouisinislisunm
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iinnugndeamiuglunisaiesed Jamsiiuany
seiinsy Tlunndumeusng

Journal of Thai Association of Radiation Oncology

Vol. 28 No.2 July - December 2022 |



L@NE15D19D9

1.

Pastorino U, Buyse M, Friedel G, Ginsberg
RJ, Girard P, Goldstraw P, et al. Long-term
results of lung metastasectomy:
prognostic analyses based on 5206
cases. J Thorac Cardiovasc Surg 1997;113:
37-49.

nudug e . n1saneSdsnialuge
M%L%QS%S%LLWﬁIﬂiSQWEJvL‘U J Thai Assn of
Radiat Oncol. 2018; 24: 27-50.

Okunieff P, Petersen AL, Philip A, Milano
MT, Katz AW, Boros L, et al. Stereotactic
Body Radiation Therapy (SBRT) for lung
metastases. Acta oncologica. 2006;45:
808-17.

Milano MT, Katz AW, Zhang H, Okunieff
P. Oligcometastases treated with stereo-
tactic body radiotherapy: long-term
follow-up of prospective study. Int J
Radiat Oncol Biol Phys. 2012;83:878-86.
Norihisa Y, Nagata Y, Takayama K, Matsuo
Y, Sakamoto T, Sakamoto M, et al.
Stereotactic body radiotherapy for
oligometastatic lung tumors. Int J Radiat
Oncol Biol Phys 2008;72:398-403.

De Ruysscher D, Wanders R, van
Baardwijk A, Dingemans AM, Reymen B,
Houben R, et al. Radical treatment of
non-small-cell lung cancer patients with
synchronous oligometastases: long-term
results of a prospective phase Il trial
(Nct01282450). J Thorac Oncol 2012;
7:1547-55.

Journal of Thai Association of Radiation Oncology

| Vol. 28 No.2 July - December 2022

10.

11.

12.

De Rose F, Cozzi L, Navarria P, Ascolese
AM, Clerici E, Infante M, et al. Clinical
Outcome of Stereotactic Ablative Body
Radiotherapy for Lung Metastatic Lesions
in Non-small Cell Lung Cancer Oligo-
metastatic Patients. Clin Oncol (R Coll
Radiol) 2016; 28:13-20.

Maemondo M, Inoue A, Kobayashi K,
Sugawara S, Oizumi S, Isobe H, et al.
Gefitinib or chemotherapy for non-
small-cell lung cancer with mutated
EGFR. N Engl J Med 2010; 362:2380-8.
Shaw AT, Kim DW, Nakagawa K, Seto T,
Crino L, Ahn MJ, et al. Crizotinib versus
chemotherapy in advanced ALK-positive
lung cancer. N Engl J Med 2013; 368:
2385-94.

LT‘IUL?WI’EJ‘U q. ﬂ’ﬁL‘U%‘EJ‘ULﬁUUﬂ?WNﬂaﬂﬂLﬂga‘u
inmsdavigheaesdiieuzsaeniag
ldgunsaldanieaasviin. J Thai Assoc
Radiat Oncol. 2018;24:29-37.

VYR W, AUNNUUN A, IAYLIAITIN 4.
MsfinvUIeufisuaueaInLAdeuves
ALY isocenter sz NuLImtionazlsine
nipple dmsunsanessdugiSausnamsasen
wazrewiadlaen1sldnin KV Orthogonal
139 Cone-beam computed tomography
(CBCT) vo3l3anwe1u1aA351%. J Thai Assoc
Radiat Oncol. 2018;24:25-34.
Erhunmwunsee L, Tong BC. Preoperative
evaluation and indications for pulmonary
metastasectomy. Thorac Surg Clin.
2016;26:7.



13.

14.

15.

16.

Benedict SH, Yenice KM, Followill D,
Galvin JM, Hinson W, Kavanagh B, et al.
Stereotactic body radiation therapy:
The report of AAPM Task Group 101. Med
Phys. 37. 2010.

Wu AJ, Williams E, Modh A, Foster A,
Yorke E, Rimner A, et al. Dosimetric
predictors of esophageal toxicity after
stereotactic body radiotherapy for
central lung tumors. Radiother Oncol.
2014;112:267-71.

Harder EM, Chen ZJ, Park HS, Mancini BR,
Decker RH. Dose-volume predictors of
esophagitis after thoracic stereotactic
body radiation therapy. Am J Clin Oncol.
2017;40(5):477-82.

Timmerman R, Paulus R, Galvin J,
Michalski J, Straube W, Bradley J, et al.
Stereotactic body radiation therapy for
inoperable early stage lung cancer. Jama.
2010;303:1070-6.

17.

18.

19.

Stephans KL, Djemil T, Tendulkar RD,
Robinson CG, Reddy CA, Videtic GMM.
Prediction of chest wall toxicity from lung
stereotactic body radiotherapy (SBRT). Int
J Radiat Oncol Biol Phys. 2012;82:974-80.
Bongers EM, Haasbeek CJA, Lagerwaard
FJ, Slotman BJ, Senan S. Incidence and
risk factors for chest wall toxicity after
risk-adapted stereotactic radiotherapy for
early-stage lung cancer. J Thorac Oncol.
2011;6:2052-7.

Nagata Y, Takayama K, Matsuo Y, Norihisa
Y, Mizowaki T, Sakamoto T, et al. Clinical
outcomes of a phase I/l study of 48 Gy
of stereotactic body radiotherapy in 4
fractions for primary lung cancer using a
stereotactic body frame. Int J Radiat
Oncol Biol Phys. 2005;63:1427-31.

Journal of Thai Association of Radiation Oncology

Vol. 28 No.2 July - December 2022 |



nsa1RYTINMLNNINLasTInTaUnATIUUSTAATR R S
TruBEAM waea1u 10 MV vilalduazlsilinansasdnied
Door gamma and neutron survey for

TrueBEAM 10 MV with and without flattening filter free mode

WU gauiifs, 98 2359003305, wtlgyven Iualuy, alvn1ud ¥IAguIgy, ANet Adwda
anSadSnuuarussainen dhesedine lsmeunaguiansal annvialve

Ainwususzanuny

WU 9aunids

anSadSnuuarussainen desedine lsmeunaguiansal annvialve
1873 auu W3e313 4 WUy WRUnETL nFUNNEnILAT 10330

8a: nim_1000d@hotmail.com

Puntiwa Oonsiri, Chulee Vannavijit, Mananchaya Vimolnoch, Nichakan Chatchumnan, Sakda Kingkaew
Division of Radliation Oncology, Department of Radiology, King Chulalongkorn Memorial Hospital,
The Thai Red Cross Society

Corresponding author

Puntiwa Oonsiri

Division of Radiation Oncology, Department of Radiology, King Chulalongkorn Memorial Hospital, The
Thai Red Cross Society, Bangkok, 10330

1873 Rama 1V Road, Pratumwan, Bangkok, 10330

E-mail: nim_1000d@hotmail.com
Submitted: May 24, 2022

Revised: Aug 3, 2022
Accepted: Aug 25, 2022

Journal of Thai Association of Radiation Oncology
Vol. 28 No.2 July - December 2022



undnge
winnsuazmgwa: Iinoundsnugannnii 8 wnghad ausaneliAndmseutuiion iiosan
Sunsisenvessindanugetudusznousing q meluiiaiesanesd
Faguszasd: Wedsauiinaunuuuaziinsoundsinuusganiaseanedsd TrueBEAM nawy
10 MV afialtuaglaldinsesanssd (lattening filter free: FFF)
Fanuazasnns: Tinsesd519Usunnssddsie Thermo Scientific §u RadEYE GN+ d1599U3anaiunaen
wazflinseunasuUseaviomesed TrueBEAM mesedndsanu 10 MV sialduaglilifiinseswin$ed
Tagvimsufumsiimesing o fdwaseuiinadmsou THu yuunuvs vued1fed Snsnsanuid
GG fﬂ1ﬂfulﬁﬁﬂmsﬁﬁmﬂ%mmﬁamaumﬂLqumﬁ%’ﬂwwaaﬁﬂwﬁ’mLmﬁﬂmsmU%’qﬁLLUUU%’U
AU (Intensity Modulated Radiation Therapy: IMRT) WagnsaneSeduuuusuanuduseudige
(Volumetric Modulated Arc Therapy: VMAT) siamsiiusunasssdsionssuuuuni wazuuusedsuiiin
USKIUAN97 (Stereotactic Body Radiation Therapy: SBRT)
Han1sANEN: YUULNUNETlRRsUSInuinseugegade yu 90° Fuduiirmiafiyuununitudim
sutszglaease WellSeuifisuiiyuununiesmifeaiunuin wdanu 10 MV IsnsuUTunaunsnuay
TnseugsgauInnIdsny 10 FFF evuadrsdanaq é’mwﬂ%mmﬁamauqqqmﬁuﬁﬁu ilesnsn
Uinaisdreniisnaniintu dwalddnnuimaunuuuasiinsougeandinldfiagadudae
wAlA IMRT 191 MU gendunaila VMAT dealvignsiusunaunusnuwagiinsougednisgendt dumaila
SBRT (unns¥nunieuinnsadnendegs uaziimsusudnauunsaddenienagaine Jedmaly
f»j"m']U%mmﬁ’amsauqaqmqaﬂdwms%’nmé”mﬂ%mm%’aﬁﬁiaﬂ%gﬂLL‘U‘UUﬂa
Foagu: miﬁﬁmé’mm%mmmmmLLaxﬁamaugaqwé’amuﬂixﬁuaE“J'ﬁ’uﬂﬁwmaazm e
YUUAUNS YUINE159E nsldiansesdsd Sasusunasiddeniienan S1uiusin MU udu
agdlsfiony msld5ed 10 FFF dwisuweiianisaneSduuusdsuiinlidmadoUsinaiinseuayan

o o w °

AdNAeY: N13E1529UTUIUTIE, FINTeedn3eE, Usunatiinseu

Abstract

Background: The photoneutron production from the interaction of the high energy photon
exceeds 8 MV and high atomic number materials within gantry are undesired.

Objective: To perform the gamma and neutron survey behind the TrueBEAM door for both 10
MV and 10 FFF.

Materials and Methods: The RadEYE GN+ from Thermo was used for neutron survey at the
TrueBEAM treatment door for 10 MV and 10 FFF. The parameters that impact the peak neutron
dose rate includes such as gantry angle, field size, and dose rate. The Intensity Modulated

Radiation Therapy (IMRT) and Volumetric Modulated Arc Therapy (VMAT) treatment planning for
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both conventional dose fractionation and the high dose per fraction like the Stereotactic

Body Radiation Therapy (SBRT) were investigated in the gamma and neutron survey.

Results: The peak neutron dose rate was at 90° gantry angle that faced directly through the door.

The 10 MV showed higher gamma and neutron peak dose rate. The smaller field size, higher dose

rate, and higher MU technique like IMRT increased the gamma and neutron peak dose rate.

SBRT technique gave higher dose fractionation and dose rate, thus, it had to higher neutron peak

dose rate than the conventional fractionation.

Conclusion: The gamma and neutron peak dose rate through the TrueBEAM door depends on

gantry angle, field size, flattening filter usage, dose rate, total number of MU, etc, however,

the accumulated neutron dose for SBRT technique with 10 FFF was not detected.

Keywords: Radiation survey, Flattening filter free, Neutron dose

J Thai Assoc Radiat Oncol 2022; 28(2): R1-R11
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Fi@snwszezlna (External beam radiotherapy)
Judsnsuilslunissnunlsauzise Tnenisld5ed
wiaugefldanieieassonma (linear accelera-
tors: LINACs) Tun1shaneiwaduzidsnielusisnie
e Sadnlsnneteasseynainandunsizen
Yoadianasounasugeruiuda (target) anelu
Fuadeasaoynia agnslsiniy Ilnoundaanugs
111171 8 wnzlaad? atunsaneliiiniinseou
Yudou \lean1ndunsizenveslimeundsanug

vdiwusznaudn 9 meluiiasesdaianian
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a

avegnauas laun svuudrdeanfdugund
(primary collimator) gunsald11ind15ed (jaws)
Qﬂﬂiaiﬂ%'mwiaﬁ’l%’qﬁl,wu% (multileaf collimator
%o MLC) fnsoedn39d (flattening filter) tWudu
dosnimseulidnavesiedrodiinegedduiy
wdwesinsousaeuiu feiy nmsiadinseu
Uuidoudsliaunsananideddd erafunudes

1Yo a < a a
LLﬂ%I‘LJ’JEﬂ,umiLﬂszLinGl‘c’JQlJ (secondary cancer)

lunenas™ wseenadanasad T Ngu iR
39

L“le]\T‘II'Wﬂ‘lj’JGlﬁE]“LlLﬁG]ﬁ]’]ﬂﬂ’]iﬂi%i;]:u%’tﬂﬂiﬂ

(Y]

fudan
meluismnesadla®
weluladvouniesanesediianisaliansed
ponulaglinuiInges (lattening filter free: FFF)
Igdundunuvlusunieeddnuiniy wWesen
ausalrensUsuusidEneniiean (dose rate)
Ifainina1Faduuurusanges (flattened beam)
FeEusntivansEusiateInisaneeald ey
\dvaisseynadsansniunussgndlilunng
esedmemalinsedfaunssusiunng (Stereotactic
Radiosurgery: SRS) $9d@s7uiifin (Stereotactic
Radiation Therapy: SRT) #3053832uAAAUIII0
81617 (Stereotactic Body Radiation Therapy: SBRT)
168 yananiandedvdaluiuiinsesaiuisa
anUsuausiddaluasniauadios saudaiunsa
andhnsouludeulddie® dmduiniosansded
U TrueBEAM W&aau 10 FFF ansnsalvidnsu3ana
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Case  Energy Technique Total MU Tumor dose Dose rate FS (cm) Gantry

(cGy) (MU/min) angle
1. Lung 10 MV_IMRT 1304 300 600 13x15 175°-340°
2. Lung 10 FFF_IMRT 2447 300 2400 13x15 175°-340°
3. Lung 10 MV_VMAT 681 300 600 13x15 175°-340°
4. Lung 10 FFF_VMAT 782 300 2400 13x15 175°-340°
5. Lung 10 FFF_SBRT 2260 1200 1500-2400 7.5%10 185°-30°
6. Lung 10 FFF_SBRT 2174 1000 1200-1500 7.0x6.0 260°-100°
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a) Lung_IMRT, b) Lung VMAT, ¢) Lung SBRT, Wag d) Liver SBRT
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ABSTRACT
Background: Irradiation is the only proven method of preventing Transfusion-associated
graft versus host disease (TA-GVHD) by inactivating T-cell. Using LINAC as a primary machine
instead of investing in dedicated radioisotopes or x-ray blood irradiators could be a safe, efficient,
and effective use of existing health care resources in LINAC available center.
Objective: To establish a practical method for blood component irradiation using linear
accelerator to substitute Cesium-137 or X-ray blood irradiators.
Matherials and Methods: Two types of PMMA containers are designed to facilitate the blood
component irradiation using the Varian Clinac IX™ linear accelerator. CT simulations of
both boxes contain 4 to 16 blood bags for volumetric calculation. The Varian EclipseTM
treatment planning system, version 16, is used for beam angle design and dosimetric planning.
Box A uses three fields at angle 0 with a prescribed dose of 20 Gy (to acquire a 25 Gy relative
dose). Box B uses two opposing fields with a prescribed dose of 25 Gy at the beam center.
The dose statistic was measured and analyzed.
Results: For both types of PMMA containers (Box A and Box B), the percent difference in point
dose measurement is less than 5%. The procedure time for Box A and B is 12 and 10 minutes,
respectively. Beam-on time is 5.37 and 6.27 minutes, respectively. Methods Al and A2 of Box A,
and methods B3 and B5 of Box B, can achieve a desirable 25Gy volume. Air-gap and inadequate
dose build-up could be the factors that affect dose distribution. Adding silicone beads to Box B
can improve the dose statistics. Box B method 4 without bolus tissue compensator gets the
lowest average dose.
Conclusion: A blood component irradiation using a linear accelerator is implementable in a
LINAC available center with a short procedure time compared to a dedicated Cesium-137 or X-ray
blood irradiator and can archive doses of up to 25 Gy in 100% volume according to EDQM’s
recommendation.
Keywords: Blood component, TA-GVHD, Linear accelerator in Radiotherapy, Treatment planning

system
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1. INTRODUCTION

Transfusion-associated graft-versus-host
disease (TA-GVHD) is a fatal complication of blood
transfusion as a consequence of allogenic

T-lymphocytes from immunocompetent
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donor or graft are transfused to recipient or host
which usually immunocompromised, immuno-
competent with congenital or acquired cellular
immune deficiency, therefore cannot destroy

foreign lymphocytes by the recipient’s immune



system. The transfused graft T-lymphocytes
can cause human leukocyte antigen (HLA)
incompatibility or recognize the recipient’s cells
as foreign antigen then begin rejecting, release
cytokine such as interleukin-1 (IL-1) and tumor
necrosis factor (TNF) activating recipient’s
inflammatory cells, then perform proliferation,
attack the recipient’s tissue and bone marrow.
Immunocompetent host or blood transfusion
from relatives also at risk™. The incidence rate is
about 0.1-1% of transfusion®. However, it is
difficult to report the true incidence. The related
studies are retrospective in susceptible subgroup.
Unspecific symptoms include fever within
1-2 weeks post-transfusion (range 2 days to 6

weeks)?!

, an erythematous maculopapular
eruption from trunk to extremities, nausea-
vomiting and diarrhea followed by organ failure.
Profound pancytopenia may lead to oppor
tunistic infection and fatal septicemia, which is a
cause of death usually within 21 days™. As the
clinical presentations are non-specific, diagnosis
often delayed, TA-GVHD has a grave prognosis
with a nearly 100% mortality rate. Even with a
prompt therapeutic approach®.

Because of unsuccessful treatment,
preventing is the most crucial practice. First,
screening for association risk (Table 1). Second,
deplete and inhibit proliferation of donor
T-lymphocyte (Table 2). A packed red blood cell
(PRBC) contains approximately 109 leukocytes.
Currently, third and fourth generation leukocyte
filtration method using apheresis machine can
reduce 3-4 log (99.9-99.99%) with adhesion

mechanism or mechanical sieving'®”. After

leukocyte depletion by filtration method, should
leaving the final leukocyte count <5 million
(<5 x 10% the AABB-requirement) and generally
<1 million (<1 x 10% the Council of Europe-
requirement). The greater number of viable
T-lymphocyte are transfused the greater risk for
TA-GVHD, as few as 1x10° cells/kg of body weight
show greater risk in immunosuppressed host™.
Therefore, leukocyte depletion filter alone is not
a solid prevention for TA-GVHD.

Blood component Irradiation to inactivate
lymphocytes is the only proven method of
preventing TA-GVHD. The recommended dose in
the US FDA (2000) must be at least 15 Gy
minimum, 25 Gy targeted to the midplane, and
50 Gy maximum to any portion of the blood
components in a fully loaded canister. The
European Directorate for the Quality of Medicines
(EDQM) (20th Edition, 2020)"* Council of
Europe requires a higher dose, with no part of
the component receiving <25 Gy, and a
maximum dose to any part of the component of
50 Gy.

The effect of T-cell inactivation increases
exponentially with increasing gamma irradiation
dose (Figure 1). T-cell growth frequency is about
1/8 mononuclear cells (MNCs) in unirradiated
blood and then declines to 1/770,000 MNCs
at 2000 cGy (>4.7 log10 reduction). No T-cell
growth was detected after irradiation doses
of 2,500 - 3,000 cGy (greater than 5 log10
reductions). Residual T-cell proliferation was
determined using a clonal T-cell proliferation

assay.
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Table 1 Indications for provision of irradiated blood components'®*?

Revised 2011 Dutch guideline (2020)"” Recommendations for use of irradiated blood

components in Britain and Canada (2018)""*?

Indications based on Blood components Indications based on Blood components

1. Transfusion between 1 - 3" degree relatives of cell-containing 1. All transfusions from 1st — 2nd degree relatives

blood components. 2. All HLA-selected platelets
2. HLA-compatible platelet concentrates 3. All granulocyte components
3. Granulocyte transfusions For at-risk patients, all red cell, platelet and granulocyte concentrates

should be irradiated, even if the patient is immunocompetent.

Indications based on patient clinical status Indications based on patient clinical status

1. Children with congenital combined immuno-deficiency (SCID) 1. Allogeneic hematopoietic stem cell transplantation (HSCT),
2. Intra-uterine transfusions (IUT) until 6 months after the due date. from the time of initiation of conditioning chemoradiotherapy.
3. Acquired immuno-deficiency as is the case with: If chronic GVHD is present or if continued immunosuppressive

Allogeneic stem cell transplantation: until 1 year after last
medication/intervention
Autologous stem cell transplantation: until 6 months after
transplantation.
After use of donor lymphocyte infusion (DLI) or infusion of

cytotoxic T lymphocytes (CTL) for 1 year after transfusion

Pharmacotherapeutics

1. Patients with long-lasting T cell suppression after medication:
fludarabine or other T-cell-depleting medication if the approved
product information warns of TA-GVHD risk, for 6 months after

cessation of the therapy

2. Medication which in combination with patient’s illness gives
a long-lasting T-cell suppression, such as anti-CD52 treatments
for hematological diseases and anti-thymocyte treatment for
aplastic anemia: from the initiation of treatment till 6 months

after completing treatment

treatment is required, irradiated blood components should be
given indefinitely.

2. Allogeneic blood transfused to bone marrow and peripheral blood
stem cell donors 7 days prior to or during the harvest should also
be irradiated.

3. Severe aplastic anemia patients receiving immunosuppressive

therapy with ATG and/or Alemtuzumab.

4. Patients undergoing bone marrow or peripheral blood stem cell
‘harvesting” for future autologous re-infusion, 7 days before the
bone marrow/stem cell harvest to prevent the collection of
viable allogeneic T lymphocytes

5. All patients undergoing autologous bone marrow transplant or
peripheral blood stem cell transplant, from initiation of

conditioning chemo/radiotherapy until 3 months post-transplant
(6 months if total body irradiation was used in conditioning).

6. All severe T lymphocyte immunodeficiency syndromes

7. All adults and children with Hodgkin lymphoma at any stage of
the disease.

8. All patients with non-Hodgkin lymphoma receiving purine
analogues and related drugs, from the time of therapy initiation.

9. AWl components for IUT must be irradiated. until 6 months after
the expected delivery date (40 weeks gestation)

1

o

. Neonatal exchange transfusion if there has been a previous IUT or
if the donation comes from a first- or second-degree relative.
1

—

. small-volume transfusions given to neonates born with a very low
birthweight, up to 4 months of age.

Pharmacotherapeutics

1. Patients treated with purine analogue drugs (fludarabine,
cladribine and deoxycoformicin) should receive irradiated blood
components indefinitely.

*unclear for other purine antagonists and new or related agents

2. Alemtuzumab (anti-CD52) therapy

ATG, anti-thymocyte globulin; HLA, human leukocyte antigen; IUT, intrauterine transfusion; TA-GVHD, transfusion-associated

graft-versus-host disease.
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Table 2 Number of lymphocytes in various blood products™>”

Blood product No. of Lymphocytes (cells/unit)

Whole blood unit 1-2 x 10°

Historical methods
Washed and microaggregate-filtered red blood cells 10° (1-2 log leukodepletion)
Frozen, deglycerolized red blood cells 10° - 10" (2-3 log leukodepletion)

Apheresis devices with 3rd - 4th generation leukofilters
Leukoreduced red blood cells <5 x 10° AABB requirement

<1 x 10° European Council requirement

Fresh frozen plasma 8 x 10* cells/liter
Cryoprecipitate viable cell is virtually zero
6 2000 - 2500 cGy

Log,, T-cells Inactivation
L

2
1
0 » .
1 10 1000 10000

100
Radiation dose (cGy)

Figure 1 Effect of radiation dose on T-cell inactivation, Adapted from Pelszynski et al."®
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The blood irradiator contains single or double
sources of gamma-ray radioisotopes (e.g., Cs-137)
typically shows a wide-range of dose uniformity.
The dose distribution in the top and bottom
center of the canister is a low-dose region. Some
areas are lower than 19 Gy when prescribing
25 Gy at the midplane (Figure 2), which is lower

than the European requirement. For this

reason, the Joint UKBTS Professional Advisory
Committee™” tends to move away from
gamma-ray radioisotopes to x-ray irradiators,
which show very similar biological effect but
show more consistent absorbed dose within the
UK specification of 25-50Gys and can be achieved
throughout the irradiation field.

252(23.1)206]20.1 21.7]|234|259
269(234|220(208)| 2046 220(222|245(276
28.1|252|238|222(21.7| 208 210[229|245(26.4 (288
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27|231(252|264|895

29.0(264125.01238]23.4)123.1123.1|238(245|25.9(27.8 309

30.5(27.1|255(1245(123.8(1234|234| 23.4|243)26.7)28.1|31.2

309(278|26.2(|248(245(23.1| 24.3|1 25.2|25.5]| 26.9]|28.1 |31.2
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295|259(245123.8(234)23.1(23.1| 23.6|245(25.727.1 {305
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Figure 2 Typical Isodose Distribution in Water Equivalent Medium of 1 source gamma irradiator,
prescription dose 25 Gy midplane, 2.8-5Gy/min, Dose uniformity 18.7 — 32.9 Gy (74.8 - 131.6%).
Adapted from Technical specification of BIOBEAM GMTM (Eckert & Ziegler GmbH) and GammacellTM

3000 Elan (Best Theratronics Ltd.)

Journal of Thai Association of Radiation Oncology
Vol. 28 No.2 July - December 2022



In the absence of both specific devices, a
linear accelerator has been used in several

%21 In Thailand, both gamma and

publications'
x-ray source dedicated blood irradiators are only
available in major blood banks and university
hospitals. After a transitional era in radiation
therapy from radioisotope machines to higher
power linear accelerators (LINAC) with increasing
radiation therapy centers to about 40 centers in
all regions of Thailand, more than 100 LINACs are
available.

This study aims to establish a practical
method for blood components irradiation using
Varian Clinac iXTM linear accelerator to substitute
blood irradiators. Using LINAC as a primary
machine instead of investing in dedicated radio-
isotopes or x-ray blood irradiators could be a
safe, efficient, and effective use of existing health

Care resources.

2. MATERIALS AND METHODS

Two types of polymethyl methacrylate
(PMMA) containers are designed to facilitate the
blood component irradiation using the Varian
Clinac IX™ linear accelerator. The first one is
“Box A”, with two methods, containing 4 and
8 blood bags. The second type is “Box B”, with
five methods, containing 4, 8 and 16 blood bags.
Each blood bag was placed clockwise from upper
to lower in the same order (Figure 3).

For each experimental method, computed
tomography (CT) (Philips Brilliance Big Bore 16
Slice CT Scanner) is collected. CT images were
sent to the Varian Eclipse® treatment planning

system (TPS) to delineate the blood bags and

calculate the three-dimensional dose by an
Anisotropic Analytical Algorithm (AAA).

All experimental plans were sent to the
Varian Clinac iX™ linear accelerator. Absorbed
dose differentiation was measured by a reference
class electrometer (IBA Dose2) for quality
assurance. According to the ICRU recommenda-
tion, absorbed dose differentiation less than 5%
is acceptable (ICRU: 5% point-dose accuracy
specification replaced by a volumetric dose
accuracy specification).

The absorbed dose parameters and 25 Gy
volume were recorded for analyzation. The
objective is to ensure that no part of the
component receives a dose less than 25 Gy or
more than 50 Gy according to EDQM’s recom-
mendation.

2.1 BOX A

“Box A” is 1 cm-thickness open-top
PMMA box with dimension 30x30x10 cm3
containing space, able to contains 4-8 blood
bags. Farmer type chamber FC65-G (Scanditronix/
Wellhofer farmer type chamber FC65-G) setup
at standard measurement between 6 cm
build-up and 6 cm backscatter material (solid
water phantom slabs) on the couch table, at the
machine isocenter. Source to axis distance (SAD)
is fixed to 100 cm (Figure 4).

The radiation field size is 40x40 cm2, three
fields at the same beam angle of 0o, using 6 MV
photon at a dose rate 400 Monitor Units/minute
(MU/min).

The prescription dose is 20 Gy at farmer type
chamber FC65-G to obtain a relative dose of 25

Gy in the container chamber.
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Figure 3 (Left) Blood bags position and order diagram. (Right) Blood bags and bolus tissue
compensators are arranged clockwise from top to bottom and delineated in Varian Eclipse® contouring

application for dose-volumetric calculation.

30chn.

SAD 100 cm 10 em.

Solid water phantom

with ICFC65G holder

Couch table

Figure 4 (Left) Layout of Box A, open top PMMA 30x30x10 cm with solid water phantom size 30x30x2

cm containing farmer type chamber FC65-G. (Right) Setup layout configuration of Box A on a couch

table. Farmer type chamber FC65-G is placed at the machine isocenter.
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“Box A” is assigned to 2 experimental
methods, Al: 4 Bags Bol.5 (Figure 5) and A2: 8
Bags Bol.5 (Figure 6).

2.2 BOX B
“Box B” is a 1 cm thickness open-top
PMMA box of 30x30x20 cm with 2 separate upper
and lower containing chambers, which enough

to contain 16 blood bags with a slot for solid

water phantom for size 30x30x2 cm containing
farmer type chamber FC65-G in the center,
placed on the couch table. The SAD is fixed to
100 cm (Figure 7).

The radiation field size is 40x40 cm2; oppos-
ing beams at angle of 0° and 180°, using 6 MV
photon at dose rate 400 MU/min.

The prescription dose is 25 Gy at farmer type
chamber FC65-G.

Figure 5 Method Al: 4 Bags Bol.5 4 bags of
blood in a single layer with 1.5 cm tissue

compensator on top.

30 cm.

i SAD 100 cm.

Solid water phantom

with ICFC65G holder

Couch table

Figure 6 Method A2: 8 Bags Bol.5 8 bags of
blood in placed to two layers with 1.5 cm tissue

compensator on top.

20 cm.

Figure 7 (Left) Layout of Box B, open top PMMA 30x30x20 cm with solid water phantom size 30x30x2

cm containing farmer type chamber FC65-G. (Right) Setup layout configuration of Box B on a couch

table.

Journal of Thai Association of Radiation Oncology

Vol. 28 No.2 July - December 2022

Rz



“Box B” is assigned to 5 experimental meth- Bags Up Bol, B3:4 Bags Lo Bol, B4:8Bags Up
ods (Figure 8-12), B1: 16 Bags Bol&l, B2: 4 NoBo and B5: 16BAG BEAD

Figure 8 Method B1: 16 Bags Bol&1 16 bags of Figure 9 Method B2: 4 Bags Up Bol 4 bags of
blood, 8 in the lower and 8 in the upper blood in the upper chamber with 1 cm thickness
chambers. 1 cm thickness tissue compensator is tissue compensator on top.

placed on top of the upper and below the

lower chamber blood bags.

ey

Figure 10 Method B3: 4 Bags Lo Bol 4 bags of Figure 11 Method B4: 8 Bags Up NoBo 8 bags
blood in the lower chamber above 1 cm thick- of blood, 4 in the lower and 4 in the upper
ness tissue compensator. chamber without tissue compensator.
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Figure 12 Method B5: 16BAG_BEAD 16 bags of blood, setup as method B1. The air gap in both chambers

is filled equally with mixture of two sizes medical-grade silicone beads (radius = 0.45 and 0.6 cm,

density 1.1-1.3 g/cm3), 4000 beads in total.

3. RESULTS
3.1 Point dose measurement by electrometer
The percent difference in point dose
measurement is less than 5% in all Box A and
Box B methods, with a range of -2.67-2.04% and
-3.31-0.76%, respectively (Table 3). Thus, it is
acceptable by ICRU recommendation.
3.2 Procedure time
Procedure time and beam-on time are
about 12 and 5.37 minutes for Box A methods,
and 10 and 6.27 minutes for Box B methods,
respectively.
3.3 Dose statistics
Both methods of Box A can achieve 100%
V25 Gy for all experimental blood bags
(Table 4). While only Box B methods B3 and B5
nearly achieve 100% V25 Gy, range 99.99-100%
and 98.41-100% respectively (Table 5-7).

4. DISCUSSION
4.1 Procedure time

One important factor for using LINACs to
substitute dedicate blood irradiator is operation
time. Compared to the X-ray blood irradiator,
RADGIL2TM (Gilardoni S.p.A., ltaly) and X-beam
(Eckert & Ziegler, Germany) take beam-on time
about 5 minutes/cycle to irradiate 6 bags of
blood at 25 Gy at 200 kV 20 mA. Biobeam GM
(Eckert & Ziegler, Germany) Cesium-137 irradiator
takes more cycle time about 10 minutes for 44.4
TBq (2.5Gy/minutes) and 5 minutes for 81.4 TBq
(5Gy/minutes). Best Theratronics X-ray machine
takes around 4 minutes to deliver 25 Gy,
compared to approximately 7 minutes cycles
of Cesium-137 based machines by the same

manufacturer.
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Table 3 Point dose differentiation measurement results for BOX A and BOX B experimental methods.

According to TRS398. Readingavg (nC): electrometer average measurement in nanocoulomb

Readingavg (nC) M, Dose =~ T(O Pkpra) k., k, kpoL kaQD N, Dose . Diff (%)

Al: 4 Bags_Bol.5

402.700 4078 19473 Gy 227 10095  1.013 1.000 1.000  0.9958  4.795 20 Gy -2.64
A2: 8 Bags_Bol.5

421.000 4274 20.409 Gy  23.0 100.8 1.015 1.000 1.000  0.9958  4.795 20 Gy 2.04
B1: 16 Bags_Bo1&1

501.500 5120 24446 Gy 245 100.75  1.021 1.000 1.000  0.9958  4.795 25 Gy -2.27
B2: 4 Bags_Up_Bol

510.200 5196 24812Gy 238 100.75  1.018 1.000 1.000  0.9958  4.795 25 Gy -0.76
B3: 4 Bags_Lo_Bol

509.400 5188 24.773Gy 238 100.75  1.018 1.000 1.000  0.9958 4.795 25 Gy -0.92
B4: 8 Bags_Up_NoBo

499.200 5068  24.199 Gy 23.0 100.8 1.015 1.000 1.000 0.9958  4.795 25 Gy -3.31

MQ : Reading of a dosimeter at quality Q, corrected for influence quantities other than beam quality. Unit: C or rdg.

Dose (Gy) : Absorbed dose from measurement (Gy), T : temperature of the chamber (C), P : pressure of the chamber (kPa),
- : Factor to correct the response of an ionization chamber for the effect of the difference that may exist
between the standard reference temperature and pressure specified by the standards laboratory and the
temperature and pressure of the chamber in the user facility under different environmental conditions.

k : Factor to correct the response of an ionization chamber for the lack of complete charge collection

(due to ion recombination).

|<poL : Factor to correct the response of an ionization chamber for the effect of a change in polarity of the

polarizing voltage applied to the chamber.

|<QQO : Factor to correct for the difference between the response of an ionization chamber in the reference beam
quality Qo
N, : Calibration factor in terms of absorbed dose to water for a dosimeter at a reference beam quality.

Dose _(Gy) : Dose prescription from treatment planning system (Gy).

Diff (%) : Percent dose differentiation of Dosemeas. (Gy)/ DoseTPS (Gy)
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Table 4 Dose statistics of BOX A methods.

Dose statistics of Box A

Pack No. Al: 4 Bags_Bol.5 A2: 8 Bags_Bo1l.5

DG D G D_Gy) V(% D G D G D G V, (%

1 29.173 25.861 27.655 100 30.871 26.692 28.795 100
2 28.813 25.058 27.595 100 30.576 26.959 28.859 100
3 28.708 26.353 271572 100 30.935 25.613 28.906 100
4 28.733 26.564 27.609 100 31.096 27.281 29.533 100
5 32.687 25.715 31.496 100
6 32.347 29.419 31.196 100
7 32.352 28.052 30.671 100
8 31.108 28.049 30.334 100
Average 28.86 25.95 27.61 100 31.50 21.22 29.97 100

D (Gy): Maximal dose (Gy), D_ (Gy) : Minimal dose (Gy), D (Gy) : Mean dose, me (%) : Percent of volume received

max min mean

absorbed dose 25 Gy

Table 5 Dose statistics of BOX-B1 B2 methods.

Dose statistics of Box B

Pack No. B1: 16 Bags_Bo1&1 B2: 4 Bags_Up_Bol

D G D G D_(G) V, ) D G D _(G) D G V, (%

1 26.422 0.431 25.500 89.69 26.122 5.034 25.656 99.6
2 26.577 0.000 25.328 90.94 26.166 4.649 25.684 99.6
3 25.886 0.000 25.009 58.85 25.892 9.016 25.308 89.91
4 26.084 1.936 25.106 65.53 26.030 14.791 25.440 91.35
5 26.687 0.000 25.152 60.09

6 25.995 3.832 25.116 75.44

7 26.428 0.559 25.101 53.82

8 26.990 9.132 25.705 953

9 25.493 22.499 24.354 6.4

10 26.020 23.376 25.019 54.89

11 27.115 24.146 26.006 96.62

12 26.615 23777 25.421 86.27
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Table 5 Dose statistics of BOX-B1 B2 methods. (Continued)

Dose statistics of Box B

Pack No. B1: 16 Bags_Bol&1 B2: 4 Bags_Up_Bol

D.G) D G) D Gy V(% D G D G D G V(%

13 26.440 23.635 25.070 57.97
14 26.622 24.259 25.634 92.62
15 26.581 23.961 25.083 52.37
16 26.656 24.492 25.445 93.31
Average 26.41 12.88 25.25 70.63 26.05 8.37 25.52 95.19

D (Gy) : Maximal dose (Gy), D _(Gy) : Minimal dose (Gy), D (Gy) : Mean dose, me (%) : Percent of volume received

max min ean

absorbed dose 25 Gy

Table 6 Dose statistics of BOX-B3 B4 methods.

Dose statistics of Box B

Pack No. B3: 4 Bags_Lo_Bol B4: 8 Bags_Up_NoBo
Dmax(Gy) Dmin(Gy) Dmean(Gy) VZSGy (%) Dmax(Gy) Dmin(Gy) Dmean(Gy) me (%)

1 27.613 25.688 27.042 100 25.704 0.000 23.700 30.3
2 27.488 24.902 26.600 99.99 26.434 0.000 23.997 59.77
3 27.566 25877 27.008 100 26.385 0.000 23.629 53.32
4 27.478 25374 26.716 100 25.749 0.000 23.086 100
5 27.051 25.403 26.386 100
6 27.342 24.961 26.252 85
7 26.575 23.186 25.600 98
8 26.810 24.583 25.861 30.3

Average 27.54 25.46 26.84 100 26.51 12.27 24.81 65.80

Dmax(Gy) : Maximal dose (Gy), Dmm(Gy) : Minimal dose (Gy), D
absorbed dose 25 Gy

(Gy) : Mean dose, V25Gy (%) : Percent of volume received

mean
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Table 7 Dose statistics of BOX B5 methods.

Dose statistics of Box B

Pack No. B5: 16Bags_BEAD
Dmax(Gy) Dmin(Gy) mean(Gy) V25Gy (%)

1 27.141 24.588 25.849 98.41
2 27.162 25.143 26.085 100
3 27.034 25.089 25.856 100
a 26.794 24.953 25.920 99.99
5 27.195 24.690 25.925 99.18
6 26.814 22.995 25.804 99.61
7 27.191 25.304 26.407 100
8 27.140 24.822 26.012 99.72
9 28.403 26.388 27.268 100
10 27.081 25.108 26.285 100
11 28.343 26.409 27.454 100
12 27.595 25.578 26.605 100
13 27.472 25.176 26.301 100
14 28.187 26.042 27.122 100
15 27.549 25.556 26.636 100
16 27.928 25.529 26.980 100

Average 27.43 25.21 26.40 99.81

Procedure time in this study is about 12
minutes for Box A methods and 10 minutes for
Box B methods. Start counting time from
equipment setup on the couch table of LINACs
until beam-on, which takes about 4-5 minutes.
Box A slightly takes more time to setup because
of solid water phantom stacking. For this short
period of time, radiation therapists in our center
have determined that it will not interfere with

routine patient treatment schedule.

Journal of Thai Association of Radiation Oncology

The beam-on time 5.37 minutes and 6.27
minutes for Box A and B using 6 MV photon 400
MU/min is comparable to X-ray blood irradiator
and can reduced by increase MU/min.

Pinnaro et al."® used a different method;
fix the box in the accessory mount at the LINAC
gantry head at angle 0. The prescribed dose was
is 25 Gy and a dose rate of 600 MU/min, resulting
in a very high dose-rate of 19.5 Gy/min. This

method delivery time is only 3 minutes/box due
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to very short SAD. However, the box needs to be
short (5.5 cm height) and only accommodate a
maximum of 4 blood bags. The technical
convenience depends on each radiation therapy
center.
4.2 Dose statistics

Both methods of Box A could achieve
25 Gy in 100% volume for all experimental blood
bags according to EDQM’s recommendation™?.
When using this technique, an adequate tissue
compensator should be added to overcome the
surface sparing effect of the 6MV photon. Our
machine beam commissioning data pointed out
that the depth of dose maximum dose (dmax)
of 6 MV photon for a 40 x 40 cm field size is
about 1.12 cm. Thus, a 1-1.5 cm bolus tissue
compensator was adequate. When prescribed 20
Gy at the isocenter (farmer type chamber FC65-G,
SAD 100 cm), the relative dose in the containing
chamber increased with a decrease in SAD. The
25 Gy isodose line covered the entire containing
chamber.

The Box B methods using two-opposing
radiation fields, prescribed 25 Gy at the fields
center. Methods B3 showed the best dose
statistic with 100% V25 Gy. Method 1, 2, and 4
showed the importance of adequate bolus
tissue compensator and minimizing air-gap.
The minimum dose (Dmin(Gy)) varied from
0 - 14.791 Gy. The blood bags in the upper
chamber had lower Dmin(Gy) than in the lower
chamber could be due to inadequate photon

surface sparing compensation. However, the
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dose-volume histogram (DVH) revealed that less
than 0.1 ml of each blood bag receive a dose
less than 22.5 Gy (Figure 13).

According to the isodose of B1l: 16
Bags Bol&l, large air-gap between the tissue
compensator and each blood bag compromised
dose distribution from 6 MV photon. To improved
dose distribution, mixture of two sizes medi-
cal-grade silicone beads (radius = 0.45 and 0.6
cm, density 1.1-1.3 g/cm3, 4000 beads in total)
were filled equally in both chambers to build-up
dose and minimize the air-gap (B5:16BAG_BEAD).
Each blood bag was placed in the same order as
B1 method and dose was calculated with the
same parameters.

In B5: 16BAG_BEAD method, demonstrated
improvement of dose distribution curves
(Figure 14). DVH curves shifted to above 25 Gy,
more concentrated around 25 — 27.4 Gy. Dmin
(Gy) of all blood bags which were significantly
improved from B1: 16 Bags Bol&l1 and nearly
achieved average 99.81% of 25 Gy volume of all
16 blood bags.

From November 2019- December 2021,
“Box A” blood irradiation with LINACs was used
in our center for 370 units for Leukocyte Poor
Packed Red Cells (LPRCs), 271 units of Single
Donor Platelet concentrate (SDP) and 1 Packed
red cell (PRC). Additionally, Box B method B3 was
used from January 2022 for 42 LPRCs. No serious
transfusion-associated adverse event of these

irradiated blood components is reported.



Figure 13 Dose volume histogram of B1: 16 Bags Bo1&1. (Left) large air-gap between blood bag and

bolus tissue compensator compromising dose distribution. (Right) Dose-volume histogram (DVH) of B1:

16 Bags Bo1&1 method shows less than 0.1 ml of each blood bag receive a dose less than 22.5 Gy.

P116BAG Bead - Unapproved - Transversal - 168AG.50

Figure 14 Dose volume histogram of B5: 16BAG_BEAD, show improvement of curves. DVH curves

mostly shift to above 25 Gy and more concentrated around 25 — 27.4 Gy. Dmin(Gy) of all blood bags

significantly improved from B1: 16 Bags Bol&1.

5. CONCLUSIONS

A blood component irradiation using a linear
accelerator is implementable in a LINAC available
center with a short procedure time compared to

a dedicated Cesium-137 or X-ray blood irradiator

and can archive doses of up to 25 Gy in 100%
volume according to EDQM’s recommendation.
Box A and Box B method B3 are recommended

to use in practice.
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Abstract
Background: In addition to the direct effects of radiation therapy on cancer, the subsequent
immune response activates the immune system.
Objective: The purpose of this study was to investigate early changes in a subset of peripheral
blood lymphocytes in patients with recurrent or metastatic hepatocellular carcinoma (HCC) after
radiation therapy.
Materials and methods: Lymphocyte subset analysis of seven consecutive patients with
recurrent or metastatic HCC was performed at two time points: immediately before and two
weeks after the start of radiation therapy.
Results: Absolute lymphocyte counts decreased two weeks after the start of radiation therapy,
but the percentage of CD4+ lymphocytes increased from 30.5 +/- 5.4% before radiation therapy
to 42.0 +/- 5.3% two weeks after the start of radiation therapy (p<0.01). The CD4+/CD8+ ratio
increased significantly from 0.88 +/- 0.32 before radiation therapy to 1.45 +/- 0.62 two weeks
after the start of radiation therapy (p=0.02).
Conclusion: This is the first report of recurrent or metastatic HCC that radiation therapy induces
CD4+ T lymphocytes and increases the CD4+/CD8+ ratio in two weeks. Understanding
the lymphocyte subset changes two weeks after the start of radiation therapy may help in
developing treatment strategies for recurrent or metastatic HCC.

Keywords: Cancer immunotherapy, radiotherapy, lymphopenia, immunomodulatory effect
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Introduction

Radiation therapy and immunotherapy are
treatment options for patients with recurrent or
metastatic hepatocellular carcinoma (HCC) for
whom targeted therapy with multi-kinase
inhibitors or transcatheter arterial chemoembo-
lization (TACE) is unsuitable or ineffective™?.
Recent advances in radiation therapy have
made it possible to irradiate intrahepatic HCC
and extrahepatic metastases accurately with
minimal adverse events””. Radiation therapy
has been reported to improve T lymphocyte
immune responses by altering differentiation

"2 Immunotherapy

pathways and functions
with immune checkpoint inhibitors (ICls) against
programmed death receptor-1 (PD-1) and its
ligand (PD-L1) can prolong survival, however,
many patients with HCC have primary resistance
to ICls, and the response rates have been
reported to be 10-30%". It is also unclear
whether the ICls in combination with radiation
therapy further prolong overall survival.
Radiation therapy has been shown to
promote the antitumor immunity, alter the
tumor microenvironment, and synergize with

ICIs® ™. There is also tumor resistance to

radiation therapy, with the primary mechanism
reported to be the exhaustion of antitumor
immunity via CD4+ T lymphocyte suppression
and apoptosis of cytotoxic CD8+ T lymphocytes
(CTLs)®. Thus, knowledge of early changes in
lymphocyte subset counts during and after
radiation therapy is important in determining
when to initiate immunotherapy among patients
with recurrent or metastatic HCC. Peripheral
blood lymphocyte counts usually decrease
within two weeks after the start of radiation
therapy, but if antitumor lymphocytes are
induced, administration of ICls may amplify
antitumor immunity.

The purpose of this study was to investigate
early changes in a subset of peripheral blood
lymphocytes in patients with recurrent or

metastatic HCC after radiation therapy.

Materials and Methods

This study was approved by the institutional
review board of Edogawa Hospital (R020190503b),
and all procedures performed in this study
were in accordance with the ethical standards of
the institutional and national research committee
and with the 1964 Helsinki declaration and its
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later amendments or comparable ethical
standards. Written informed consent was
obtained from all patients for use of clinical data
in research.
Patients

A total of 7 consecutive patients with
recurrent or metastatic HCC who underwent
intensity-modulated radiation therapy (IMRT)
or stereotactic ablative radiotherapy (SABR)
using helical tomotherapy (Hi-ART system,
Accuray, Sunnyvale, CA, USA) were included in
this study. Radiation therapy was given for
oligometastases (1-5 metastatic lesions) or in
cases of recurrence after secondary targeted
therapy or TACE.

Radiation therapy

Helical IMRT was used to treat lymph node
metastases and SABR was used to treat liver,
pulmonary or adrenal gland metastases.
Prescribed doses were 50-60 Gy in 25-30 fractions
for IMRT and 40-60 Gy in 4-8 fractions for SABR.
Each dose was defined as the minimum dose
received by 95% planning target volume (D95%).
Most patients received radiation treatments
daily, 5 days a week for 2 to 6 weeks. No patients
received chemotherapy or immunotherapy
concurrently with radiation therapy. Chemo-
therapy, immunotherapy, and other treatments
were stopped at least 2 weeks prior to the start
of radiation therapy and for 2 weeks after the

start of radiation therapy.

Lymphocyte subset measurements

Peripheral blood lymphocyte subsets were

Journal of Thai Association of Radiation Oncology
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measured immediately before and 2 weeks after
the start of radiation therapy. Whole blood
was used, and staining for CD3, CD4 and CD8
was performed after red cell lysis, according to
a standard flow cytometric multicolor protocol.
For patients previously treated with anticancer
drugs (TACE and Lenvatinib), blood samples
were collected after a treatment-free period of
at least two weeks. The absolute CD3+, CD4+ or
CD8+ T lymphocyte counts as well as the
percentage of each subset were measured. The
ratio of CD4+/CD8+ T cells was also calculated.
Statistical analysis

Results are expressed as mean +/- standard
deviation (SD) with 95% confidence interval (Cl),
and a paired t-test was used to compare the
results before and 2 weeks after the start of
radiation therapy. The CD4+/CD8+ ratios for
hepatitis virus-associated HCC and that for non-B,
non-C HCC before and 2 weeks after the start of
radiation therapy were compared by unpaired
t-test. A p-value of less than 0.05 was considered

statistically significant.

Results

The baseline characteristics of patients were
shown in Table 1. The mean age was 59 years
with an SD of 8.7 years. Three (43%) patients were
positive for hepatitis B e antigen, and four (57%)
patients were negative for both hepatitis B and
C virus infections. Three (43%) patients
underwent liver resection, 3 (43%) patients
underwent TACE, and 2 (29%) patients received
oral Lenvatinib prior to radiation therapy. Two

(29%) patients had intrahepatic recurrences,



three (42%) patients had both intrahepatic and
extrahepatic recurrences (lymph nodes: n=2,
adrenal glands: n=1), and two (29%) patients had
isolated extrahepatic (lung: n=2) recurrences.
Absolute lymphocyte counts before and 2 weeks
after the start of radiation therapy were 820
+/- 422 (95% ClI: 507 to 1133) cells/mm3 and
392 +/- 245 (95% CI: 210 to 573) cells/mm3,
respectively (p < 0.01) (Figure 1a). The absolute
counts of CD3+, CD4+ and CD8+ peripheral
blood T lymphocytes significantly decreased 2
weeks after the start of radiation therapy
(Table 2). The percentages of CD3+ and CD8+ T
lymphocytes did not change, whereas the
percentage of CD4+ T lymphocytes significantly
increased 2 weeks after the start of radiation
therapy (Figure 1b). The CD4+/CD8+ ratio
increased significantly 2 weeks after the start of
radiation therapy (p=0.02) (Figure 1c). The
CD4+/CD8+ ratio for hepatitis B virus-associated
HCC before radiation therapy was 0.61+/-0.06,

and the CD4+/CD8+ ratio for non-B, non-C HCC
was 1.09+/-0.28 (p=0.04, unpaired t-test).
The CD4+/CD8+ ratio for hepatitis B virus-
associated HCC 2 weeks after the start of
radiation therapy was 1.19+/-0.52, and the
CD4+/CD8+ ratio for non-B, non-C HCC was
1.65+/-0.68 (p=0.36, unpaired t-test).

Discussion

The prognosis for HCC with extrahepatic
metastases or recurrence after TACE or
administration of the multi-kinase inhibitors
(e.g., Sorafenib, Lenvatinib, Regorafenib, Cabozan-
tinib, Ramucirumab) is poor, and no standard
treatment has been established™®*”. In recent
years, attempts have been made to treat
advanced HCC with ICIs'*'”. The combination of
Atezolizumab and Bevacizumab has been shown
to improve overall survival compared to

10]

Sorafenib™, and the combination of Durvalumab

and Tremelimumab has been shown to improve

Table 1. Baseline characteristics of patients with recurrent or metastatic hepatocellular carcinoma.

No Age/Sex PS Infection Prior treatment Site of metastasis Timing of blood sampling Site of RT Dose/Fx

1 64/M 1 HBV Lenvatinib No metastasis 14 days after the start Liver 60 Gy / 30 Fx
2 75/M 0 NBNC TACE No metastasis 16 days after the start Liver 50 Gy / 8Fx
3 65/M 0 HBV N/A Liver 14 days after the start Liver 60 Gy / 30Fx
4 59/M 0 HBV TACE No metastasis 14 days after the start Liver 60 Gy / 25Fx
5 55/M 1 NBNC Lenvatinib Lung 16 days after the start Lung 40 Gy / 4Fx
6 a8/F 1 NBNC N/A Lung 14 days after the start Lung 60 Gy / 8Fx
7 56/M 0 NBNC TACE Peritoneum 14 days after the start Peritoneum 50 Gy / 25Fx

Abbreviations: PS= ECOG performance status scale, HBV= hepatitis B virus, NBNC=non-B, non-C

hepatitis, TACE=transcatheter arterial chemoembolization, RT=radiation therapy, Fx=fraction.,

N/A= not available
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Figure 1. Box plots of absolute lymphocyte counts (a), percentages of CD3+, CD4+ and CD8+ T
lymphocytes (b) and CD4+/CD8+ ratios (c) before and 2 weeks after the start of radiation therapy. “X”
marks correspond to the means. The central horizontal bars are the medians. The lower and upper
limits of the box are the first and third quartiles, respectively. Points above or below the whiskers’
upper and lower bounds are outliers. P-values marked with asterisks indicate statistically significant

differences
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Table 2. Lymphocyte subset counts before and two weeks after the start of radiation therapy.

Values are expressed as mean +/- standard deviation.

Immediate before RT 2 weeks after RT p-value*

Absolute counts (cells/mm?) 820 +/- 422 392 +/- 245 p < 0.01
(507-1133) (210-573)

Lymphocyte counts (cells/mm?)

CD3+ T lymphocytes 541 +/- 305 284 +/- 191 p<0.01
(315-767) (143-426)

CD4+ T lymphocytes 269 +/- 180 170 +/- 119 p=0.03
(135-402) (81-258)

CD8+ T lymphocytes 299 +/- 156 134 +/- 95 p<0.01
(184-414) (64-205)

The percentages (%)

CD3+ T lymphocytes 64.6 +/- 13.0 68.7 +/- 11.4 p=0.09
(54.9-74.2) (60.3-77.1)

CD4+ T lymphocytes 30.5 +/- 5.4 42.0 +/- 5.3 p<0.01
(26.5-34.5) (38.1-45.9)

CD8+ T lymphocytes 37.5 +/-10.8 33.4 +/-12.7 p=0.22
(29.4-45.5) (24.0-42.8)

CD4+/CD8+ ratio 0.88 +/- 0.32 1.45 +/- 0.62 p=0.02
(0.64-1.12) (0.99-1.91)

Numbers in parentheses are 95% confidence intervals.

*Statistical analysis was performed by paired t-test.

overall survival compared to Sorafenib™. Despite
their efforts to improve response rates and
prolong overall survival, the results were
unsatisfactory™®'' In this study, the CD4+
T lymphocyte count was lower than that of
normal population. The reason for CD4+
lymphopenia is that blood monocytes gradually
change due to factors derived from the primary

tumor and cannot differentiate into functional

dendritic cells". Radiation therapy will prime
T lymphocytes in the primary tumor, reducing
TGF-B levels and enhancing the antitumor effect
of ICls, while CD4+ T lymphocyte depletion
reduces the effect of ICls, so knowing CD4+ T
lymphocyte changes is important in determining
the timing and indication for ICIs™>™. The results
of this study showed a significant increase in the

CD4+ T lymphocyte percentage and CD4+/CD8+
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ratio 2 weeks after the start of radiotherapy,
suggesting that administration of ICls at this time
may enhance antitumor immunity. The efficacy
of radiation therapy combined with ICls has been
shown in non-small cell lung cancer, head and
neck squamous cell carcinoma, and cervical
cancer, but has not been studied in HCC®®"*,
Before undergoing radiation therapy combined
with ICls, it is necessary to know the early
changes in lymphocyte subsets in order to
predict the efficacy of ICls. To our knowledge,
this is the first report investigating early changes
in lymphocyte subsets after 2 weeks of radiation
therapy for patients with recurrent or metastatic
HCC.

The study had several strengths. First, radia-
tion therapy was performed using a state-of-
the-art helical tomotherapy system. Although the
volume of low-dose radiation delivered was
larger than that of conventional radiation
therapy, the tumor could be accurately
irradiated with higher doses of radiation. In
addition, low-dose radiation therapy promoted
T lymphocyte infiltration and elicits CD4+ cells
with features of exhausted effector cytotoxic
cells, thus supporting the rational combination
of helical tomotherapy with ICIs"". Second,
lymphocyte subsets were analyzed at a fixed
time 2 weeks after the start of radiation therapy.
Since the absolute lymphocyte count at week
two was the most relevant factor related to
survival in cervical cancer patients treated with

concurrent chemoradiotherapy™”

, changes in
lymphocytes at two weeks after the start of

radiation therapy were also presumed important

Journal of Thai Association of Radiation Oncology
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in HCC. Although other types of cancers and
other combination therapies cannot be directly
applied to HCC, the increased percentage of
CD4+ peripheral blood lymphocytes in patients
with HCC is a notable and characteristic finding.
Moreover, the increase in the CD4+/CD8+ ratio
was consistent with the results of radiation
therapy for other types of cancer"®.

This study had some limitations. First, the
spread of HCC and the treatment methods given
in the past were varied from patient to patient.
However, since all treatment was discontinued
two weeks prior to radiation therapy and no
combination therapy was given concurrently for
two weeks after the start of radiation therapy,
bias due to different combinations of pretreat-
ment was considered minimal. Second, with the
exception of patients who underwent surgical
resection, not all patients underwent patholo-
gical evaluation. However, the purpose of this
study was to find specific early changes in a
subset of peripheral blood lymphocytes from
patients with HCC, and we believe that adequate
results for our purpose could have been
obtained without detailed pathological studies.
Third, the number of patients evaluated in this
study is small (seven). However, the number of
patients is sufficient for statistical analysis, and
the small number of patients in this study is not

a major limitation of the proof of concept.

Conclusion
In conclusion, a single pilot study cannot be
generalized to others without further scientific

validation, however, it was demonstrated for



the first time in recurrent or metastatic HCC that
radiation therapy induces CD4+ T lymphocytes
and increases the CD4+/CD8+ ratio in 2 weeks.
Understanding the lymphocyte subset changes

2 weeks after the start of radiation therapy may
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