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Purpose: I)osc veri f icat ion in highly conl irrnral racl iat ion thelapy such as IMRT or proton therapy
can bencti t  lhrr l  the high spatial I 'csolut ion of l 'ercd by racl io-chrornic f i l rns such as Ciatchrorl ic HBT
t l r  EBT2.  Rccent ly .  a  l tew genc f i t t io r r  o l ' these f i l r r rs .  EBT3,  has  bcconre  ava i lab lc .  The cornpos i t i11r r
and th ickncss  o l ' the  sens i t i ve  layer  a rc  the  sa l l le  l s  f i r r  thc  p rev ious  t rBT2 l j l rns .  Thc  nros t  i r r rpor -
tan t  changc is  t l r c  sy t t t t t te t r i c  Iuyer  conf igura t ion  to  c l i r . r r i r ra tc  s idc  < t r ien ta t ion  dcpe l tc lcncc ,  wh ich  is
lc l ) ( ) r l c ( l  l i r r  EBTI  h l r r rs .
Methods: Tlrc gcnelal t i l t t t  charactct- isl ics such as scrrsit ivi ty to rcacl,r lut orientat ion and postcxl-rosurc
darken ing  cvo lu t io r t  o f ' the  ncw EBT3 f i l rn  a re  cva lua tcd .  F i ln r  rcs ; ronsc  l ras  bcen invcs t iga tcd  in
c l in ica l  photon  a l rc l  p ro ton  bca t t ts  and conrpurc r l  to  f i r r rncr  EBT2 l i ln rs .  Quench ing  c l ' f cc ts  in  the
pnrton Bragg peak lcgion have becn studiccl l i rr  borh. E,BT2 and EtsT3 f i l rns.
Results: Thc gencral pct ' l i rrnrancc o1'E,BT3 is conrparablc to EBT2, urrcl thc oricntat iorr t lepcldencc
wi {h  respcc t  to  f i l rn  s ic lc  i s  conrp le te ly  c l i rn ina ted  in  E I I ' l ' 3  f i l r l s .  Response c l i l ' f ' e renccs  o f  h ,BT2
and h 'BT3 l i l r l t s  a re  o l ' the  sar t tc  o rdc t 'o l 'n t lgn i tuc lc  as  ba tch- to -ba tch  var ia t io r rs  obscrvcd  l i r r .E I l ' l ' 2
l i l rns .  No s ign i l i can t  c l i l j ' c rencc  has  bccn l i rund l i r r  b< l th  gcncra t ions  o l 'E [ l ' l ' l i l rns  be twccn photon
ancl pl 'ott ln cxposl-t t 'c. Depth dosc nlci lsurcnrents of lrBT2 ancl EB'IJ show an exccl lent agreelt lcl t .
th t rug l r  unc lc res( i rna t ing  c l< tse  by  up  to  20%, in  the  Bragg peak  reg ion .
Conclusions: The syl l t tr tett ' ic conl iguration of lrBT3 prescnts a ntr jol  inrprovcnrent l i rr  l i l r l  hancl l ing.
EIIT3 has sirrt i lal  dosirnctr ic pcrt irr tnancc as i ts prccursur EB'l '2 and can. thus. bc appl iccl to dose
veri l icat ion in IMRT in thc salrtc way. For dosc vcri l icat ion in pnrton thclapy lhc underrcsponsc in
the  Bragg peak  rcg ion  has  to  bc  takc t t  in to  account .  A  20  12  Anar i t 'u t r  Assoc iu t io r t  o f ' l ' h t .s ic i . s t .s  i t r
Metl ici t t t , .  lhttp:/ /dx.doi.org/ l  0. I  I  I  l t /1..+737u90

Key words: Gafchrornic l i l rrr .  EBT2 l i lnr. EBTS l i l rn. energy clcpenclence. t lcpth closc curvc.
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I .  INTRODUCTION

Intensi ty  rnodulat ion,  whe(hcr  appl icc l  wi th conve nt ional  pho-
ton ( IMRT) or  act ive ly  scannecl  proton bcanrs ( lMpT),  is  in
daily clinical use in rrr<ldern radiation oncology. Ciornplex ra-
diation l iclds are applied to optinrize the close to the three-
di rnensional  tumor volunte.  whi le  at  the same t in te nt in i rn iz-
ing side efl-ects to surrounding healthy tissuc. Patient specific
quality assurance (QA) measurements are of particnlar im-
portance to ensure the adequatc quality ol 'bcant dclivery frlr
such complex and highly confbrrnii l  intensity rnoclulated treat-
ment techniques. Use of diode or ionization chamber arr-ays
tbr QA in IMRT is l imited in regions of high dose gradi-
ents due to the mm to cnt spacing of individual detector ele-
ments. Gafchromic E,BT (Gafchromic@ EBT self '-developing
fi lrn for radiotherapy dosirnetry, Inrernarional Speciality prod-

ucts ), a sclf-devclopi rrg radio-chronric fi lnt, ofl 'er.s serrrit ivi ty
in the 0. l-10 Cy dose range. a nearly water-ecluivalent cfT'ec-
tivc attrt-tt ic nunrber (Z",, vtt 'r : 6.url c6ntparecl tr) 2"1.1 *, 'r. ' '
:  7 .3)  (Ref .  l . )  and sub-rnm spat ia l  rcs<t lut ion,  when read-<l r r t
by convcntional f latbcd scanners.l Furthermore, f i lms can be
handled in  v is ib le l ight  and the possib i l i ty  ro i rnrnerse f i l rns
in water f irr short periods of t inre allows their use in wa-
ter phantoms. Today, EBT has been curnpletely replaced by
EBT2 fi lrrs (Gaf'chlomic@ EBT2 se lf '-devcloping fi ln.r f irr ra-
diotherapy dosimetry. International Specialty proclucts). Re-
cently, the third generation of EBT fi lms, E,BT3. has become
available (EBT3 product infbrmation, International Speciality
Products). Both successive EBT types have the sarne raclia-
tion sensitive component as the original EBT fi lnr. However.
since the introduction of EBT2 fi lms. a yellow marker dye
is incorporated in the active layer fbr unifbrmity corrections.
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Furthermore, the double active layer structure of EBT has

been replaced by a single sensitive layer. EBT as well as

EBT2 film were shown to be well adapted tbr IMRT QA

in regions of high dose gradients, shtlwing only weak en-

ergy dependence tbr clinically relevant photon and electrtln

ene rg les . ' -
Dose verif ication with high spatial accuracy is also of par-

ticular interest in proton therapy where the combination tlf

active scanning of sn'rall pencil bearrs and the characterts-

tic Bragg curve with well-detincd particlc range s allows high

dose confitrmity to the target volutne. GalLhrtlnlic l i lrns are,

therefbre. also candidates for high resolution dosc veril icatit ln

in proton beams. However. radio-chrotl ic l i lrns are known ttl

underestirrate close in thc Bragg peak region.r 7 Measuring

of  quenching ef fbcts in  the v ic in i ty  o l ' thc Bragg pcak is  th t ts

rrandatory belirre these fi lms can he uscd in prtltt l t ' t  dtlsirnetry'

The ailn of our study was to mcasurc l i lrt l  responrc to pho-

torr and proton exposurc as well as qucnching el' l 'ects in the

Bragg peak region firr the newly intl 'oduced EBT3 li lrns' For

compiirison, the same meas[trelncnts havc been acctlnrplishecl

using the EBT2 fi lr l. Additionally. stltrtc general aspccts ol

EBT3 fi lrrt perlirrrnance such as unil itrrrt ity, orierrtatiott settsi-

t ivity, and poslexposure density gnrwth are prescntecl' Similar

studies on cncrgy depcnclence ancl f i l ln pcrlirrnrancc compar-

ing EBT and EBT2 havc becn accornplishccl in the past E I I

I I .  MATERIAL AND METHODS

ll.A. Gafchromic EBT2 and EBT3 fi lms

Inc idcnt  radiat ion in i t ia tes a sol id-state polynrcr izat ion

wi th in the sensi t ive layer  of  radio-chr t l t l l ic  l i l rns '  resul t ing

in a charactcristic close-dependcnt l i lrn clarkening. All gen-

crations ol'Gal'chrolnic EBT fi lrn inctlrptlrate thc l ithiurn salt

of  pcntacosa-10.  l2-d iynoate (L iPAI))  as act ive t l lonontet" l l

Due to the hair-l ike structure ol' thc active c()l l lP()nent itnd

its pre f 'ercntial ttr ienlation, f i l l lr rcsptlnse in l latbed scanncr-

basecl dosimetry strongly depends tln thc l i lrr l orientation with

rcspect  to  thc scanning d i rcct ion. l r  EBT2 l i lms havc a s ingle

act ive layer  o l '30 gnr  nt lminal  th ickncss '  The scnsi t ive layer

is asymrnetrically placcd bctween a polycstcr substrate ol

l7-5 pm and 80 prr ol 'dil ' l 'erent protective cover layers' This

nonsymrretric layer configuratiotl intrt lduced a t 'urther tlr ien-

tation dependent efl 'cct, yielding responsc deviations tirr the

same scanning orientatit ln when difl 'erent sides of thc fi lrn are

facing the scanner.l4 l5 EBT-t f i lrns oll 'el u synrtletrical layer

configuration, which is clairncd tt l cl irninate such side orien-

tation efl 'ects. The composition of the sensitive laye r as well

as nominal layer thickness is the sanle as fi lr EBT2. The ac-

tive layer is symrnctrically sandwiched between twtl l2-5 ptnl

thick polyester laminates with I special surtace treatmcnt to

prevent the firrmation of Newton rings during fi lrn scanrling l l

l l .B. Experimental setuP

Two difl 'erent batches of EBT2 (F061 10902. A07160902)

and a s ingle batch of  EBT3 (Al l02 I102)  f i lms have been

investigated. After May 2009 EBT2 fi lm composition was
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standardized.l0 Hence, homogeneity problems related to early

batches of EBT2 (Ref. l6) are not relevant fbr the lots used

w i th in  t h i s  wo rk .
Films were cut into pieces of 50 x 50 nlm: priot' to ex-

posure and marked to ensure retention tlf scanner orientaticln

throughout all expcriments. From each sheet used fbr calibra-

ticln or energy clependence rneasurements some fi lrn pieces

were lefi unexposed fbr backgrtlund determination.

For response measurenlents, each fi lr l batch was exptlsed

to clif l 'erent dose levels in the range ol'0.2 8'0 Gy. with dose

stcps AD ol '0 .5 Gy except  tor  proton cal ibrat ion r l f  EBT2

filrns. where dose steps of 1.0 Gy wcre used. Filrns were ir-

radiatec l  wi th 6 MV phot t lns at  thc is t lccnter  of  a c l in ica l  l in-

ear acccleratttr (Varian Clinac DHX. Varian Medical Systerns'

Inc. .  Palo Al to.  CA).  at  a depth o l ' l7  rnrn in  a PMMA phan-

torn (3(X) x 300 x 30 rnrnr). A fielcl size of '10 x 40 tntnl was

used. Protolr irradiation wits accontplishcd at the Rinecker

Pr<l ton Therapy Ccntrc (RPTC) in  Munich.  A proton penci l

bcarn with r notninal encrgy ol'22f1 McV ((laussian shapc tl l  zl

nrnr sigrna, 3211.0 rnrn range irt watcr) was actively scanncd trr

dclivcr a horlogcncous dose to a sil lglc layer ol '50 x -50 r.l lntl '

Spor weights werc eclually distributccl and thc latcral sptlt

spacing was set  to  5 t l l tn .  F i ln ts  wcre p laccd in a PMMA

phantonr (300 x 300 x 3(X) ttttn:] l at a dcpth of -50 nrrn in thc

plateau region tt l ' thc Bragg curvc. N<l quenching etl 'ccts arc

cxpcctecl l irr thc residual encrgy ol'203 McV at the l i lrn posi-

tion, which corrcsponds to it wittcr-eqtrivalctrt dcpth ol.6l ntrrt

according to ttut' regulit l  calibratit ln l l lcasurcll lents' A rigid

stcrn ionizitt ion clrarnber ancl a 0. 125 cnlr Scrniflcx Clharn-

ber connectccl to a LJnidos E,lcctronletcr (all PTW. Fre iburg,

Gerrnany) were uscd tor rclerence dosirlctry in thc photon

ancl protott hcatn. respcctivcly. Filrns were placed in lhc satnc

tlepth as the chatnbcr rcl 'ere nce ptl int. Chamber rcadit 'tgs wcre

corrected acctlrding to thc TltS 39lJ l irr tempcraturc. prcssrrrc'

ancl  bcam qual i ty . lT Al l  o ther  c t l r rcct i t ln  lactors,  e.g. .  such as

lirr rccornbinalittn. havc hecn ncglectcd. Howevcr'. tht- i lccLl

racy in dose detcrtlr ination is assttntcd to be bctter than :| 37'

f irr dosc respoltsc nleasurelnents and both radiation types'

The protttn clepth d<lse clistribntion wils Incrlsrlrctl i tt a

solid-watel phantorl (RW3. PTW. Freiburg, Gerrnany). al-

krwing r.nm-resolutit ln ol ' the Bragg pcak of the inciclcnt

200 McV protttn bearn lssutrl i l tg an init ial encrgy sprcad

(sigrra) of'bctter I MeV. Filnls wcre placed perpcndicLrlar ttr

the bearn dircction into thc phlntott ' l . The water equivalenl

scattering ancl attenuation propertics o1'the fi lrns all<lw sinlul-

t irncous irracliation ol'rnultiple fi lm pieces at dif l 'erent depths'

The samc field siz.c (-50 x 50 mm')as l i lrdose rcsponse tnca-

surcments was employed. For analysis. the l i lr lr ptrsit ion was

expressed in terrrs of water-equivalent thickness by convcrt-

ing fi lrn and phanttlnr thickness bascd on their specil ic mass

density.
ln addition, f i lrns have been exposed ttl a 

'roSr-source,

y ie ld ing dose levels of  3.2,  6.2,  and 9.0 Gy'  to  tneasure the

postexposure optical density growth over a time pcriod of

-52 h.
After irradiation, exposed as well as unexposed fi lm pieces

fbr background correction were stored together in a lighr

tight envelope at room temperature. Filrns were scanned
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48 + I hour after irradiation with an Epson perf'ection V700
Photo scanner (EPSON Deutschland GmbH. Meerbusch. Ger_
many) rn transmission mode. The scanner sofiware .,EpSON

Scan" provided with the scanner was used in prof'essional
rrrode, with all available image correction rrrethods turned ofl ' .
Five preview scitns were taken befirre the start of f i lm scan_
ning to allow the scanner temperature to stabil ize and. thus,
prevent any temperature dependent response eftects. Filnts
were placed in the middle of the scan window. where no cor_
rection of scan field unil irrrnity is rcquircd. and scannecl in
landscape orientation with the l 'ull physical resolution ol' l20t)
dpi. The higher resolution compared to the contmunly usccl
72 dpi was chosen in order to apply the calibratecl f i lnrs firr
dose veril ication in small-f icld ccll ancl rnouse tunror irracli l_
t ion cxper i rnents. rx  Obta ined 48-bi t  RGB-i r lagcs wcre savecl
in the uncontpressed tag-{cd irnage fi le f irrrnat.

F'or f i lm analysis, raw pixel values florn the red col<lr
channcl (PVR) are convcrtecl into a net optical density value
(netOD),

nctOD- ODirrrdiarccr - ODunirr*ri.rctr : ,,r*,,, 
#*,**ff i.

As rcgion o l ' in tcrest  l i r r  f i l rn  analys is .  a ccntra l  f i l r r  area
rr l '2 .5 x  2.5 rnmr (3.2 x 3.2 ntnt2;  was chosen f i r r  cxposccl
(uncxposcd) f i l r rs .  respcct ivc ly .  Whi lc  the ROI s ize in  casc o l '
exposed f i l rns was l imi ted by thc uni for-nr i ty  and f la tness o l '
the irradiatcd arcas, a larger. ROI was chosen lirr. unexposccl
l i ln ts  to obta in h ighel .s tat is t ics in  uni f i r r r l i ty  lncasurcmenrs.

I I I .  RESULTS

lll.A- EBT3 performance

Pixel  va lues o1 ' the red color  channcl  o l '20 uni r radiatec l  f i lm
pieces o l 'a  s ingle EBT3 f i l rn  sheet  werc analyzed to tcst  f i l rn
Lrnil irrmity. For all f i lrn pieces. the standard cleviation of pixel
valucs was bel<tw I .2%,, the standarcl cleviation ol'the mean
value of  a l l  f i lm p ieces was cven below 0.2%,.

Depcndence on l i lrn orientation with respecl to fi lrr side
as well as scanning orientation was investigated firr f i lrns ex_
posed to dose levels o l '0 .5 Cy,  I .0  Gy.  3.0 Cy.  and -5.1 Gy and
6 p ieces of  uni r radiated f i lnrs (F ig.  I ) .  A s int i lar  sensi t iv i ty
to the scanning direction was firund as known lirr bo{h fitrrrrer
f  i l rn  types.  EBT and EBT2. l r  le  Deviat ions wi th rcspect  to  the
fi lm side f 'acing the scan winclow dit not exceecl 0.8(/c (0.9c/r,)
in terms o1'pixel values (dose) fbr all investigated dose lev_
els. Unitbrmity of exposed ti lms was tbund to bc on averase
hettcr than | .-5,1 .

Postexposure growth of film darkening of 6(y'a-9c/c, wjthin
2zl h afier irradiation was reported tbr EBT2 fi lms.E EBT3 fi lm
shows a similar f i lm darkening with time as EBT2. yielding
an average lncrease in fi lm darkening within 2zl h of J.6(/r, for
all investigated dose levels, which corresponds to an increase
in rreasured dose of | | .17c. However, fbr an accuracy in dose
determination better I 7o, a Iime window fbr scanning afier
24 h of f3h has been obtained.
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Landscape
side 1
side 2

Portrait
s ide ' t
side 2

0 1 2 3

FI( i .  l .  I ,B ' I '3  l i l rn scnsi t iv i ty  * ' i th rcspccr to sci lnnirs ancr s ide or ientat ion
l i r r  d i l lerent  d.sc levels f r .nr  phot .n exposurc.  L incs ure sh. l r 'n  to guide thc
cye.  Sidc dcpendcncy is  negr ig ibre f i r r  l :BTi  r i rnrs.  rvhi le s igni f icanr cr i t ler-
cnccs wi th rcspccl  to scanning di rect ion ( landscapc.  por l r i t i t )  l t rc  prcscnt .

l l l .B. Film response measurements

A cornparison of dose responsc curves of dif l 'crent EBT2
t i l rn  batchcs and a s ingle EBT3 f i lnr  kr r  is  depictcd in
Fig.2 wherc dosc D is  p lot ted against  netOD. The uncerra inty
in nctOD corresponds to thc standard deviation of lhe rlcan
netOD valuc in  thc analyzecl  ROI.  which has bccn f i tund to bc
on averagc 3.-5%, fi lr all dose rcsponse curves. Dosc errors arc
associated with the accuracy of rct'er-ence ckrsirnctry, which
was assurned to be better than t3%. Response curves havc
been fit according to Rcf. 20 by the fi l lkrwing equation:

P  :  Ao  .ne toD  *  A r  . nc tOD ' \ r .

F i t  pararneters A;  ( i  :  0  . . .  2)  are g iven in Table l .  Dosc
uncertainties rclated to fit parameters are typically 3% firr the
usecl  ca l ibrat ion l i t .  u l though f i t  unccr ta int ies < l f  up to 6%,
have been observed fbr EBT2 fi lm calibration with protons.
These elcvatcd fit unccrtainties are attributed to l 'ewer sanr_
pl ing points of  the cal ibrat ion curves.  Account ing l i r r  an ac lc l i_
tional unccrtainty in netOD of about I.%, an overall accuracy
in dosc detcrrnination better than 4c)(. can be obtained fitr all

q  ' 3 '
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,.'" ./
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Ftc.  2.  NetOD response to c l in ical  proton and photon beanis ibr  d i l icrent
batches of EBT2 and EBT3 films. Response deviations fl.onr batch_to_batch
exceed deviations related to ditle'ent radiati.n types. Lines correspontl to fits.
Thc inset shows zoonted irnage lbr dose ran_re 0-2Gy.
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TAtsl.E I. Fit parametcrs tlf close response curles

Fi l rn lot  Radiat ion tYPe Fit paftrmctef

g 'r0

&
tsr'\

o
a
L
t
E

o* -10
F()6 I 1 0901

A07 1 60902

A | 0 2 1 1 0 2

Phokrn

Protorl

Photon

Protott

Photon

Proton

A o  l G y l
9 .35  +  0 .17
lJ 32 + 0.:1.+
I0..14 + 0.-10
9.91  +  0 .51
I0.01t : i  0.-17
9.90  +  0 .15

A r  l G y l
60.93 + 1.87
.19.91 + "+.97
59. -51  +  l .6 l
l l . '+7 + .1.25

.17.75 + l .-13

.r8.0t + 1.5 I
-20

f i lms ancl radiat ion types except l i l r  the prott ln cal ibrat ion of

EBT2 f i lms c|-re to the smallcr salnpl ing fate in this spccit ic

exper iment .

For  a l l  inves t iga ted  dose leve ls  o f 'a  : i ing le  f i ln r  ba lch '  d i t -

l ' e rc t t t ' cs  i r r  nc tOD rcsP( )nsc  w i th  l ' cspcet  to  t ' l t t l i r t t ion  lyPc  l l l ' c

below 6%. thus showins only a weok clepe ndcncc on fadiat iol l

type. For EBT2 f i l rr ls. balch-to-batch responsc is consiclerably

cl i l ' l 'erent. t i tr  instancc, f i l r  a rrctOD of 0. l5'  dosc dcviat ions ol '

both lots of 11.6(/,  and 12.37 are obtainecl f i rr  photon rt t ld pt ' t '

ton irradiat ion. respectivcly. C-'onlparison ol '  EBT2 ancl IrBT3

responsc l i l r  the sarne netOD yiclds a cl i l ' l 'ercncc ol '  l3 '7% l irr

photons antl  8.1%'t irr  prolotts. I)cviat iorrs are. thercl i l rc '  t l l '

Lhc samc <lt 'clcr t t l 'nlagnitucle as batch-l t l -ba1ch vrrr- iat ions ol-

EBT2 f i l rns .

l l l.C. Proton depth dose measurements

Depth close ct lrves l l lc i tsurccl by IIBT2 arrcl EBTS l i lnrs arc

shuwrr  i t t  F ig .3  t t tge ther  w i th  the  t lep th  c lose  cu fve  p fov idcd

by  thc  c l in ic i t l  l r ca t tnent  p lann in r :  sys lc l l l  t t scd  as  fc fc fence '
' fhcre 

is an cxccl lel l t  i tgreenlcnt ol '  EB'f2 i tnd IIBT3 depth

dose curvcs ovcr t l rc wholc prt l totr r lrngc. Rcl 'ercnce and I i l l l l

curvcs col l lply with each othet '  in the platcatr rcgit ln. wlr i le

bolh f i l rns sl. t t tw an r.rnclere st irnation ol 'close in the Bragg peak'

as already reportecl l i rr  the olclcr EtsT l i l r l ts.( ' '7 l l  This can

be secn bc t te r  by  p lo t t ing  thc  re la l i vc  dev ia t ion  AD111, , , '1 '1 'q  o l

" 0 5 1 0 1 5 2 a 2 5

water-equivalent dePth [cm]

Ftc; .  3.  Cornpar ison of  proton dept l l  dose t t lcasurentents l in i t i r l  cncruv

:  200 MeV) using EBT2 and EBT3 [ ' r ln ls u i th rc- l 'ercnce data of  the planntng

systern (TPS).  L ines are appl ied as guide to the eyc Thcre is  no s i 'uni l icant

difterence between EBT2 nnd EBT3 tilms. both showing an averlge undet'Le-

sponse of up to 57c tirr encrgies below '10 MeV and up to 20'Z in the vicinity

of the Bragg peak.  corrcsponcl ing to the lowest  residual  energy ol '1 MeV'
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_ ? n  L" '0-"0 
50 1oo 150 2oo

residual energy [MeV]

Fl r ; . .1 .  Rc lu l i vc  t l c ! i t t i0 r t  o l  l i l n l  i l osc  and lc lc rcncc  t losc  l t te  $ ' i lh i t r  t t l c l t -

surc r ) lon t  t tnccr t i t i t t t i t - s  l i r r  a l l  rcs i t l t ra l  enc tg ics  t ' xcccd ing  l0  MeV t 'ET dc

pcnt lc t rce  bcc t t t t t cs  v is ib lc  l i r r  rcs idua l  l l ro to t l  c t te r t i cs  hc low l5  McV '

l i l tn nteasurctt lent (D1,;1,, ,  )  l tncl rctcrcncc curve (D1'1'q ) agalnst

rcs idua l  p ro ton  encrgy  (F ig .  ;1 ) .

(D r r r , " (E )  -  I ) t  I ' s (E ) ) l (x)7AD111 , ' ,  ' p1 ,q (E )  :
D  l p s ( E )

' fhc 
rcsicl tral cncrgy was dctertnined accort l ing to

l lrc larrgc-ettcruy relal i t lnship ol '  Rel. 22- 1'hc parantcters

u : 0.(X)22 ctt t /McVl'  and 1; :  1.77 wcre laken lhlrn, Rcl ' '

22 R11 and z corrcspond to protol l  r i tnge and phantonl dcpth'

rcspcctivel y.

I

u t l t ' l . R o  - : . l t l r

The urtccrt i t i rr ty in rcsidr-r l l  encrgy was calct l l l t tccl by cr-

ror propagati t tn, acctl t tnt ing l i rr  r irnge str lggl ing (expressed

by thc I 'ange straggl ing approri l t lat iol l  givcn in Rcl" I t  i ts r ' t t t

uppc f  bo t l r ld  used a t  a l l  dep ths .  inc luc l ing  thc  in i t ia l  cne fgy

spread o l ' the  bearn)  as  we l l  As  l t  l l l c i t s t l re rnc t l t  u t leer tu in ty  i t t

clepth ol '  l :  l%,. No signif icant dif lcl 'cr lce in l 'BT cleperlclcncc

of EBT2 ancl HBT3 l i l rns can be declLrcccl fronl the data' For

al l  encrgics clown to about l-5 MeV. l i lnl  and refcrence dose

agree within +-5%. At lower energies' the f i lnl  sht lw an r"t t lclcr-

lesponsc of the dose. which increases with decrcasint proton

e nergy Llp to abotl t  20% f<tr the lowest avai lable energy'

IV.  DISCUSSION

Unirracliated as well as i lracliated EBT3 ti lrns show a unt-

tbrrl ity better l.-5%, which is in good agree ment with fi lrn

speci l icat ions.  l t  is  wel l  known that  f i lm or ientat ion wi th re-

spect to scan clirection is an important issue firr scanller-bilscd

filnr read-out cil.re to response difl'crences tlf landscape and

portrait orientation. EBT3 shows significant response difl 'er-

ences fbr both scan orientations in accordance t(r previoLts

generations of EBT fi lnts. Hence. the recommendution to

maintain fbr all rr-reasurements the sanle orientation as dur-

ing calibration also holcls fbr the new EBT3 fi lrns' Side ori-

entation sensitivity of the fbrmer EBT2 fi lnr introduced an-

other orientation related potential souree of \ystematlc error

in scanner-basecl l i lm dosimetry. Deviations with respect to

+i+i+
tr-tj1 t

EBT 3

"  E B T 3
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film side are found to be well below lolo for EBT3 fllms.
and, thus, within the typical sratistical spread of pixel values.
Hence, side sensitivity is completely eliminated by the sym-
metrical layer configuration of EBT3. Furthermore, a clear
reduction of Newton ring fbrmation has been observed during
fihn scanning, confirming the manufacturer's specification.
The reduction of Newton ring formation is achieved by sil ica
particles incorporated in the polyester substrate. which intro-
duce a small air gap (-5 prn) between fi lnt and scanner glass.
Furthermore, diff'erences in the average physical density of
EBT3 compared with EBT2 are of the order of l0 rg/cm3.2l

Within our measurement accuracy no significant eff 'ect of this
air-sil ica-particle layer with respect to spatial resolution, f l lrn
unifbrmity or dose response has been fbund. Any efTect is,
therefbre, clinically not relevant.

EBT2 and E,BT3 fi lms have the same sensitive component
as well as thickness. Difl 'erences in atonric contposition of the
active layer of EBT2 and EBT3 fi lms are bclow 0. l(h ancl.
fherefirre, negligibly small.2a Hence, no signiticant radiation
type dependence ofl i lm response has been seen firr all investi_
gated fi lm lots. Dose response curves fitr photons and protons
of single fi lm batches agree within t5c/r. ir-t the clinical rcle-
vant dose range up tcl 3 Gy (Fig.3). This ohscrva{ion agrees
with results recently published lbr EBT and EBI'2 ti lms, corn-
paring photon and proton response curves.l. l5 Furtherrnorc,
good agreement of {i lnr darkening evolution of E,BT3 ancl
EBT2 fi lms has bcen firund.

Avera-ue batch-to-batch variations of up to 127r. are signif '-
icantly large and confirnt the nced to recalibrate l i lrrs ol 'each
new lot .

Frlr instance, f i lr E,BT2, a nteasurecl netOD of 0. l-5 yielcls
cl<rse dcviations ol' 14.(r%, and l2.3lr, l '<tr photon and pro-
tons, respectively, whcn using calibration curvcs ol'dif l 'erent
batches. Cornparing deviations of proton and photon calibra-
t ion curves of  the sante lo t  tbr  a nelOD ol '0 .  l5  y ie lc ls  dose
errors beklw 1.5% for  EBT2 and bclow 4.67 l i r r  EBT3.  An
uncertainty in sensitive layer thickness ol' : l  l0%, fhtrn batch-
to-batch is given by the manufirctLrrcr l i tr both, EBT2 as well
as EBT3 l l lms.  Assuming s i rn i lar  inner-batch th ickness uncer-
tainties of up to 3olo as firr EBT,ro all obscrved response dilT'er-
ences with respect to fi lm batch arc o1'thc rtrclcr o1'thickncss
variation within the active layer.

For EBT' an under response of about l0(/r for an average
prok)n energy of 3.2 MeV is reported. obtained fiorn depth
dose measurements in  a l5  and 29 MeV proton beant . ( ,For
EBT2 (EBT3) f i lms a mean under response of  3% (-5%) in  the
Bragg peak region (E < 40 MeV) and up to lJ(/o (lc)Ic) fnr
the lowest measured residual energy of 4 MeV has been mea-
sured fbr  an inc ident  200 MeV proton beam (Fig.4) .  How-
ever, care has to be taken when comparing energy quench-
ing related to dif l 'erent init ial beam energies. as energy spread
and LET at a certain depth depends on the init ial proton
energy.

The high LET proton proportion within the energy spec-
trum is responsible fbr the quenching efl'ects obser-ved fbr av-
erage residual energies below l5 MeV (Fig. 4). euenching
effects increase with decreasing residual proton energy as en-
ergy spread and energy loss straggling increase.
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No LET dependence is observed in the depth dose mea-
surement fbr residual proton energies exceeding 20 MeV. This
is consistent with results published for EBT fi lms. compar-
ing LET dependence of proron beams in the 50-200 MeV
range.25

V. CONCLUSION

EBT3 fi lms show an excellent uniformity and similar dark-
ening tinte evolution as EBT2 fi lms. The side orientation sen-
sit ivity of previolts EBT2 fi lms has been completely elim-
inated fbr EBT3 fi lnrs due to the syrnnetric configuration,
though scanning orientation sti l l  has to be rnaintained.

EBT3 ti lms show the same dosimetric rcsponse to photon
and proton beams as its predecessur- E,BT2. No dependence
on radiation type has been fbund lirr the investigated fi lnt
batches, except fbr protons in the vicinity ol 'the Brag-e peak.
Hereby. care has to be taken due to a considerable dose under-
rcsponse o1'the fi lm. Further research is nccessarv to ctLrantifv
the impact on dose mcasurernents.

As EBT3 has shown to clf ' tcr the sanre dosintctric pr()per-
tics as EBT2. the sarne protocols established firr EBT2 li lr l
dosinret ry  can,  therefore.  bc appl icd (o EB' f3 l i l rns.  Al l  in  a l l .
EBT3 as well as their predeccssor arc valuable tools l irr.closc
vcrif ication lneasurcntents when high spatial r-esolution is
requircd.
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