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A prototype electron applicator system providing circular and rectangular ffelds for use in
intraop€rativ€ electron beam therapy with a vanan Clhac 18 linear accelentor has teen
fabricated. The dosimetric prop€rties of this syslem for a variety of electron-beam energies,
applicator sizes, and x-ray collimator settings was documented. Significant ffndings include: (a)
surface dose values are in excess of 907d for electron energies of 12 M€V and above; (b) for the I 8-
MeV beam, thed€epestdepth wherethecentral axisdoseis 90% ofitsmaximum value is in excess
of50mm forcircularapplicators whos€diameters are in exc€ss of5 cm;and {c)the trelment time
to deliver l OOO rads "given dose" (at a given dose rate of 300 Mu/min) is on the order of 3-4 mill.
Cross-field behavior is acceptabl€ for the intended application and x-ray contsmination is less
than 47. for any applicator/eleclron energy combination. A system for irregular field blocking
and TLD verification dosimetry has b€en developed.

INTRODUCTION
Bccause of a higher than desirable incidence of local failure
in the treatment ofcertain ebdominal and color€ctal malig-
nancies, there is considerable intcrest in ernploying large,
single doses of radiation applied directly to the lesion(s) of
int€rest in an intEoperative setting, Currently in the United
States, intraoperative electron-beam programs ere under-
way or plann€d at Howard Univcrsity, Massachusetts Gen"
eral Hospital (MGH), the Joint Center for Radiation Ther-
apy (JCRT), the Nationgl Cancer lnstitute (NCI), and the
Mayoclinic. The MGH program utilizes avarian clinac 35
linear accelemtor, the JCRT will use a Philips orthovoltage
machine, th€ NCI program currently utiliz€s a Siemens Me-
vatron 12 but plans to utilize a Scandatronix medical micro-
tron in the future, while the Howard and Mayo Programs
employ Varian Clinac 18 accelerators, Even though the
Howard group has reported on their work, the resulting re-
porlsl2 contain little or no information on th€ dosim€tric
properties oftheir applicator system. we report on a study
aimed at determining th€ suitability of the dosimetric prcp-
erties ofa simple intraoperative applicator system proposed
for use on a Clinac 18 accelerator.

APPLICATOR SYSTE"

The treatment machine employed in the Mayo intraopera-
tivestudies is a Varian Clinac l8linear accelerator providing
electron beams with nominal energy designations of 6, 9, 12,
15, and 18 MeV. Figure I details the ov€rall configuration of
our circular intraoperative applicator system. A "docking"
tube is attached to the accelerator head using an adaptor that
mimics the iop ofthe standard wedge-acr€ssory tray. A long
tab is substituted foroneofthe four short tabs to allow elec-
trons to be obtained without the "standard" electron aDDl!
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cators being in place. A setofcircular applicator "coned'has
been construcied out of l/8-in-thick methyl methacrylate
(Lucite, Plexiglas). One set ofcircular applicatofs has inner
diametersof4, 5,  6,  6.5, 7,7.5, 8,and9cmwithendsthatare
perpendicular to the applicator axis. A second set of "bev-
eled" cones having innerdiameters of5-8 cm in 0.5 cm steps
have been fabricated such lhat the front surface makes an
angle of 15' or 30'with the line perpendicular to the cone
axis. Athird set ofapplicators {and lheirassociated docking
apparatut provides rectangular fields of 8 x9, 8 x 12, and
8 X 15 cm'z. For all applicator systems, the plane defined by
end oftheapplicator intercepts thecentral axis ofthe appli-
cator al the gantry rotation axis (i.e., l0O cln FAD).

Each circular intraoperativ€ applicator its ioto the 10.5
cm i.d. aluminum tube with the ditrerence in diameters be"
lween the aluninum docking tube and Plexiglas applicator
being taken up by an appropriately sized annulus,45 mm in
lensth. A nominal clearance of 12 mils (0.012 in.) is l€ft be-
lween the outside ofthe spacing annulus and the inside sur-
face of!he aluminum docking tube. The overalldesign ofthe
applicator system is not unlike thal employed by Howard
University' : and Massachusetts Ceneral Hospital.l

A ret.actable mirror-relescope-light system lmuch like
that employed on orthovoltage machinery)permrts viewrng
down the axis ofthe applicator. This viewing system utilizes
disposable pen lights.' The mirror is made of metal to pre-
clude breakage and the mirror is mounled in such a way that
pressure must beapplied to position it into the docking tube
s)stem. A thin M)lar window has been placed over the up-
p€r end of the docking tube system to prevent small parts
fron falling into the applicator system from the accelerator
bead. The aluminum docking cone syslem has been anod"
ized to preclude discoloralion due to the cold gas steriliza-
tion, a problem that was repoded to us by the MCH group.
The Plexiglas applicators arecol/ gas sterilized and allowed
10 outgas a minimum olfiv€ days before use.

DOSIMETRIC EVALUATION

Table I lhts the dosimetric properries that one can study
relativ€ to the applicaior system. Ofthe nine variables listed,
rhose with Nsterisks repres€nt parameters ihought to be of
"premier" interest for the intended application.

Dosim€ry systems ul i l ized in our studies includedr(a)an
int.acavitary probe ion charnber (with diglal readout) at-
lached to a seNo-controlled positioning system permitting
accurate ( :t 1 mm) and reproducible ( 1 I mm) positioning

T^BL€ I Dosimehc paradereis or interen in intraoperarve electron

5 6 0

1 0  t 2  r a  r 0  1 3
Depth  (cm)

Frc 2 Comparisonoiabsorbeddosevahresobiained*{h hl (Rt/v, 150
odss ivo ido* )and ion td t ioDcnrmbern ,casuren lenr ! .

wiihin a large water phanton, and (b) use ofRP/V film ex-
posed in a polystyrene phantom in conjunction with a stand-
alone scanning 6lm densitometer. The 6lm was exposed toa
"given dose" of 150 rads. For values in excess of 107, of lhe
maximum centralaxis dose, the film readings agree remark-
ably well wilh dose values determined from ionization mea-
suremenis lFig. 2), ln general, outpu! values aod central axis
depth dose values were obtained with the ionization cham-
ber system while cross-field behavior was documenled wilh
fr lm.

X"ray collimator Jaw settings
Applicator properlies will be in fl uenced to some extent by

tbe exact value ofthe acceleraior's x-ray collimatorjaw set_
tings. lnitial "phase-one" studies were carried out to ascer_
tain the exact influ€nc€ of lhe x-ray collimatorjaw seltings
and io deiermine wh€ther one woLrld be able to select an
optimized value consistent with the highly desirable feature
of using a single value lor each ofthe two applicator geome'
tries (i.e., circular and rectangular). In addiiion ro the nine
dosimelric variables listed in Table I, there are 6ve nominal
beam energies lhatcan be studied for each ofthe 22 applica-
tors. As a result of the extraord inary amount ofetrort needed
to document this behavior for all possible combinations, we
proceeded to carryout our phase'one studies for combina_
rions that represented €xtremes of circular applicator diame_
terand beam energy, i.€.,6-and l8-MeVelectron energy and
4-to 9-cm diameters. The conclusion that thrs represents a
reasolable approach was based on our earlier observations
of smooth, slow, and pred;ctable changes as the electron-
beam energy changed from 6 to 18 MeV and applicator di-
ameters increased from 4 to 9 cm.

Figures 3 (a)-(d) show results of the studies seeking to doc-
ument dosimetric performance with photon collimatorjaw
setting for the circular cone applicators. For the4-cm'diam
appljcaior, collimator jaw settings of 5X5, loxl0, and
l5 X 15 cm'?were sludied, while for the g-cm-dia'n cone, col-
limator settings of l0X 10 and l5 X l5 cm'? were used All x-
ray collimarorjaw setting size designations refer to "index"
settings, i.e., size at l0Ocm FAD.It is quiteclea. that surface
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setting [Fig. 3(c)], a pattern that also occu$ with the other
combinations and which. therefore, favors collimator set-
tings of IOX 10 cm'zorgreat€r. Ofthedosimetric parameters
list€d in Table I, the depth (after d",". ) of the 907a ofmaxi-
mum dose i\considered by us lo be the lpremie4T dosimelric

fo

5 1 0  1 5

col l imator sett inq (cm)

1aE, 9cm

1 8 E , 4 c r n

6E, 4cm

6E, gcm

5 r 0 t 5
Col l imator  sot t ing (cm)

dose [fig. 3(a)] is not inffuenced greatly by collimator se!
ting. Furthermore, x-ray contamination [Fig. 3(b)] is virtual-
ly independent ofcollimator s€tting exc€pt for the 4-cm, 6-
MeV case which rises lo only 3%!For the 4-cm, 6-MeV case,
output drops considerably with a decr€asein collimatorjaw

-  5 x 5 c m 2  C S
-  1 O  x 1 0  c m z  C S

Fra. 3. vadarion of(6) 6udacc do! {nd tbl rEy .onradinarioi, (cl miiut.s ro deliver IOOO .ads giv.i dos (ar 400 MU/dii) snd (d) depth of90% orccnrral
aiis fraximun ioniarion l@ation as a function olriay collinator selting.

-  Wilh lead
- Without lead

FIc. 4. CrGef.ld b.navior at 20 frn
depth for two settiqs of x-ruy collima-
lorjaws (I.ft), a.d tnc saoc ridy 6lli-
hdor jaw sctti.s witn 6d *irhout 3
no of l4d added at top ol spacinS an-
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inside ofthe aluminum docking tube is documented in the
right hand panel of Fig. 4 where a dramatic reduction in
penumbra is noted when a 3-mm (l/8-in.)-thick pieceoflead
was placed on top of the Plexiglas spacing annulus. As a
result of this obs€rvation, all our applicators have had a 5-
mm (3,/16-in.)-thick piece of bmss added to the top of their
spacing annulus.

Ourpd (GD,/MU)
Figure 5 shows the time needed to deliver 1000 rads at

4,", for a given dose rate of300 Mu/min as a function of
applicator diameter. Values a.e for the flaFended circular
applicators and correspond to the x-ray collimators being set
at 10X l0 cm'?. Even for the least favorable energy, 6 MeV,
onecan deliv€r2000 radsin 8 min forapplicatordiameters of
5 cm or greater. Output factors for the 15' and 30'beveled'
end circular applicators are within a feiv percent of that for
the corresponding diameter flalended applicator. Output
valuesforthe rectangular applicators are summarized in Ta-
ble I I .

Central axls parametera
Twoimportantcentral axispammeters aresurnmadzed in

Fig.6, Values are for flat-ended circular applicators and cor-

1 5 6 7 A 9

Diameier (cm)
Frc,5.Tin 1o deltc. 1000 ads givcn doF {ar 100 Mu,/hin)as a funcrion
ofcircuh. lppli@tordiametff and noninal cl@tron-b.m.ndgy. Dlta arc
for Rar cnd lppli@to6 lnd l0 x l0 cn: x-ruy coltinator jaw sctring,

quantity and the one deserving ofoptimization. Figure 3(d)
shows that the depth of90% maximum central axh ioniza-
tion incr€ases 2-3 mm for 18 MeV as th€ collimator is re-
duced from 15 X l5 cm'? to 10X 10 cm'?. It is of inter€st to
note that this observation parallels the MGH experience.r

Our overall conclusions derived from the data in Fig. 3
and from some additional studies on cross-field behavior is
that a ffxedjaw setting of lox t0 cm'z is "optimal" for the
circular cone set, A similar study on our rectangular applica-
tor set indicated a fixed collimator setting of 15 X 15 cm'? is
appropriate.

While carrying out our studies relative to the efect ofx-
r6y collimator jaw settingsr we noted a problem which is
shown in the left hand panel ofFig. 4. For the higher energy
beams(inpart icular, the l8-MeVbeam)andsmallappl icator
diam€ters, a significant increase in penumbra was noted as
the photon collimator is opened from 5x5 cmr to lox l0
cm?. That this is due to radiation leakage through the spac-
ing annulus that separates the Plexiglas applicators from the

T^8LE II Dcimctric propertid of rcctanguhr ihtraoperrrive an!'licatos
r {a )  co lhmdro lJa} '  =  l5 \  l5  chr .
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respond to the r-ray collimatorjaws beiJlg set at l0 X 10 cm?.
Measurements were made by the intracavitary ionization
probe.

Figure 6(a)shows that surface dose values are in exc€ss of
89 7o when the nominal electron energy is l2 Mev or greater.
The precision ofthe individual determiaations shown in Fig.
6(a) is on th€ ords of 1%. The gradual drop-offwhen the
applicator diameter is decreased from 9 cm may be due to
increased shielding of the phantom surface from a lower en-
ergy component generated in the head of the accelerator.
The inqease in surface dose as the diameter is decreased
from 5 to 4 cm can be conjectured to be due to the increased
number oflower energy electrons originating at the Plexiglas
applicator wall which reach the central axis as the wall is
moved towards the central axis. The electrons scatt€rcd
from the Plexiglas wall ar€ emerging at a very small angl€
(since lhe mean scattering angle 6':is proporlional to Z':).
The sophisricated reader should be aware that the situation
being described is quitecomplex and may notbeamenable to
such a simplistic analysis!

The bevel-ended applicato.s have sur{ace dos€s identical
{i.e., within the precision of the det€rmination) to those
shown in Fig.6(a). Values ofpercentag€ surface dose for the
r€ctangular applicators are included in Table ll.

For applicator diameters of 5 cm or larger, the depth at
which lhe cenlral axis dose reaches 9070 of its maximum
value is relatively independenr of diameter lFigure. 6(b)] and
drops as th€ ffeld diam€terbecomes comparable to the elec-
tion range. [t is ofinterest to note that the 18-MeV beam on
th€ Clinac l8 provides a dm depth in excess of 50 mm for all
nonbeveled, circular applicator diameters in excess of 5 cm,
Valuesofdslor the rectangular applicators are included in

The location of d{ points fortheb€veled circular applica'
tors were up to 3 mm shallower than that forthe perpendicu-
lar ended applicators, a point lhat can be appreciated from
the isodose dislributions (determined wilh 6lm) shown in
Fig. 7. ll is in!€resiing to note that the isodose curves for th€
6.5'cn 30'beveledcone (aclual i .d.  = 67 mml(Fis 7)expl ic-
itly demonstrates the fact th.tt isodose curYes for obliquely
incident electron beams tend to line themselves up parallel to
theincideni surface, a pointwell known to physiciSts but not
usually apprecialed by our clinical colleagues

It is also pertin€nt to point out that a beveled cone pro-
vides an s/lrlr'cdl treahent fie]d whose minor axis is equal
to the inner diameter ofthe Plexiglas tube but whose major
axis is increased by the factor (cos O,) ', whete 6,, is the
bevel ansle. Henca, for tbe exanple shown in Fis. 7 (which
was obtained along the narrol axis), the neld size as deter-
mined by the end ofthe Plexiglas tube is 67 mm.(cos 30"lor

X-ray contamination values (measured as the intersection
of the extrapolations of the descending portion ofthe c€ntral
a s depth dose curve with the x-ray "tail")areless than 4%
for any applicaior and the l8'MeV electron be3m (the worst
case). This was comforting to see in view ofsome ofthe large
x-ray conlaminarion values reported by rhe MGH groupt lol
the Vanan Clinac 35.

MedlcalPhyl l€,Vol,9,No,2,March/Aprl l1982
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Cross-field behavlor

Figures 8(a)-(c) illustrate cross-field behavror over the
available range of flat-ended circular applicaror diam€t€rs
for 6-, l2-, and l8-MeV operation. A 6xed photon collima-
tor jaw setting of 10X 10 cm'7 was used for all applicator
diamelersand beam energies. Data presented were obiained
from film measurements. Penumbra and neld flatness are
quite acceptable.

Even though wedon't  feel the "peaked" shapeof l8-MeV
plols [Fig. 8(c)] hBve any real significance in the intended
clinical application (i.e., as a boos! within a largerfield d€liv-
ered 5000rads ofphotons), we did look at adding an internal
flattening 6lter. This fflter was able to natten the peaks for
lhe high energy beams bu! rounded the profrles ofthe lower
entrgy beams. In view of the difficulty of utilizing (in an
in traoperative settin g) a fl attening filter that cannot be left in
th€ applicator for all beam energies, we opted not to utilize
lhis approach at the cur.ent moment but may return to this
question at a later date.

For the intended treatment (and other treatments as well)
it is important toprovide an adequate margin a! the tumor\
edge. Table Ill presents values ofthedistance between 90%
isodose linesat adepth of 5 mm. Thesevalues aredetermined
from isodose curves determined in a plane passing through
the central axis. Based on the data in Table III, we feel an
adequate 6eld margin is obtained for our applicators if the
applicator size is chosen to be ai least I cm greater than the
estimated lateral tumor ext€nt. For the 30'beveled applica,
lors one may wish to use slightly larger margins to insure
adequate coverage in view of the unusual shape ofthe iso-
dose curves (Fig.7).

OFFSET CORRECTIONS

We have found that in a significant number ofinstances,
the angles ofthe acceleralor ganiry and patient suppo.t as-

'Ftn.+\
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6 M e V -  1 0 r  l 0 c l n 2 C S '12 MeV -  10 x 10 cm 2CS 18 MeV - lO x 10 cm 2cS

sembly turntable are such that ii is not possible to provide a
"compl€!e" dockingofthe Plexiglas applicator with the alu'
minum docking tube. In these situations, the bottom ofthe
annular applicator spacer h ofset with respect to th€ end of
the aluminum docking tube. Since th€ geometry under dis'
cussion hardly qualifies as "point source" in the first Place, it
is of considerable interest to document glven dose vanatlons
with this ofset and, in particuhr, to asce(ain the aPProPri"
ateness ofa simple inverse square law correction.

A series of measurements was carried out to detefmine
va ations in given dose as a function ofoffs€ts ranging from

T^$LEIII widttbelwccn 907, isodosc linc at 5 nm d.pth (x{av colhma_

:
cncuh!,.onbcv.lcd

6 McV 35 mm
12 36
18 15

6.5 cn - nom'ndl
6 Mcv 6s nm

1 2  6 b
18 66
!actua[,D, = 6? mn

Frc. 8, Crd-ficld plDts of sbsorb.d d6. for p.rp.trdicuhr cn<t circular spplicatoB for diah.teB of4, 6.5, and 9 cn. Dall ar. st depth ol d..^ (l cn for 6

Mev,2  cm fo r  l z .nd  l8  Mcv landfo !an  r4 r  co l l imator  jaw s . lunS o l  lO \  IOcd:

0 cm (i.e., none)to 1.5 cm. Both "negative" and "positive"
li,e.. bottom ofannulus beyond end of docking tube) offsets
were investigated. Positiv€ ofsets are the ones most often
found in practice. Given dose ratios wele measured fol 4-,
6,5-, and 9-cm-diam flat ended circular applicators for 6_,
I 2-, and I 8-MeV eleciron beams

Resulting given dose ratios wele compared with those pre_
dicted using a simple inverse square law comPutation using
the appropdate virtual source locations for each of the el€c'
tron-beam energies, The error in using the simple inverse
square law is summarized in Fig.9, from which it can be seen
that over the range of ofseh and cilcular applicator diame-
ters studied, for two ofthe electron beam €nergies (the 12'
MeV results were virtually indistinguishable from those for
18 Mev), th€ simple inverse 6quare law works remarkably
well considering the usual geometry involved The combina-
tions where the approximation has most of its greater fail
ings (i,e., the smaller applicator diamete$ for the 6'MeY
electron beam) can be expected to have littl€ use in intraop€r-
ative therapy but an institution might want to have individ"
ual calibration factors available if they found these beams
being used and the error in using the simPle inverse square
law correction unacc€ptable.

6 Mev 86 mm
t2 a1
l3  88

Circular, bevclcd

Ottset (cm)

Frc. 9. Pe.cenl ditrerenc. b€l*een m.sur€d co.retion facto. and rhat

Dredicted usins a simple inve6e squarc law @rection. A posilive ofrset

;efen to the botrom surfac. of th€ sptcing anDulns bcing b€vond tne end of

$e aluminum d@king tub.

6 Mev 60 mn
12 60
l8 60

6Mev ?onn
12 10
l3  70

6 MeV 68 mm
12 68
18 68

6 MeV 
'73 nm

l2  73
l3  ?8

3-ld (92 ns)'r
6MeV 9 l  mm

12 90
18 90

t 2 30
18 80

'rMeasurements nade along lhe najor axis orelliprical end or cone lhe

dinensio. of*hicn iseive. h( )

Medical Physlca, vol, 9, No, 2, llarch/Aprll 1982



267 lechnlcalNoles: E. C, McCullough and J. A. Anderson: Oosimettc propedtesot inkaoperative etectron appticators

12
l 5
l 8

T^BLE Mead shield;ng requremenrs in inreopcrarive eteclron,bean
lheraly toattenuatc lo l0% olcental axis naximum valuq.

" ro f  0 .8nm 11 l2  in . l  ledd .

FIELD SHAPING

In certain instances, intraoperative electron-beam trea!
ments requirefield shaping in addition ro that ofered by the
applicaiors available andlor rhe shielding ofregions behind
the volume being treated. In order ro accomplhh this, we
have fabricated lOX lo-cm, sheers of 0.8-mm (1/j2-in.)-
thick lead. These are available srerilized in packs of five
sheets along with sterilized metalcutting shears. The thick_
ness oflead (no. ofsheeh) required to reduce the dose in the
electron beam to l0% ofits central axis maximum value r
given in Table tV. A further reduction to l'ear 5 Z, isaccom_
plished by adding one additional layer. The same thickness is
recommended for all our applicators as the cenrral axls
depth dos€curve changes very littlewith applicator type for
diameters in excess of 5 cm or ady of the recBngular
appllcators,

VERIFICATION OOSIMETRY

In the sid€ ofeach ofthe Plexiglas applicators, a l-in. hole
has been bored to facilitate lhe placement ofthermolumrnes"
cent dosimeters (TLD)on top olthe tumor bed in order to
monitor surface dose during rreatment. Three TLD chips
(TLD-IOo)are placed in a heat sealablebag to which a lo;g
thread is attached. Before use, the TLD package is cold gas
sterilized. We have investigaied the TLD sensiriviry before
and after cold gas sterilizarion and found no diference (i.e.,
within the precision ofrhe determinations).

ln thefirst patienrcases where wecarri€d out TLD verifi_
cation dosimetry, substantial variations (12_18%) from ex_
pected surface dose were noted. These€rrors can arisefrom a
numberoisources including ta,  rheinherenr precision of the
TLD chips. ,bran incorrecr cD,4\41 vatue. tc j  an rncorrecr

TABIE v. TLD verifrcrlion sludies.

percent suface dose value, (d) rhe use of an inappropriate
correction factor to account for the fact that in some ofthe
cases there was incomplete docking of theappticarorintothe
aluminurn docking tube, and (e) the location of the chip
packet (especially a problem when a beveled end circular
applicator is being used-a very frequent occurrence m our
experiercel). There is little control over this last contribu,
tion. The simple inverse square law correction which we em-
ploy ro accoun' for incomplete docking was shown in a pre-
vious section to a negligible contributor.

The pr€cision ofthe TLD used in our initial determina-
tions was t 107, (standard deviation). We have subsequen!
ly obtained "hand selecred" TLD-100 chips wirh a
"claimed" precision (standard deviation) of X5y'a which
will provide a standard error of the mean of about f 3 % for
a measurement averaging the readings of three simulta-
neously exposed chips. Using these "high-precision" chips,
we have carried out a determination of surface doses und€l
"ideal geometry", that is, on the surface of a large polysty-
rene phantom. The results of these studies (Table V) show
surprisingly good agreem€nt and indirectly indicare ro rhe
authors the correctness oftheir cDlMU and percent sur-
face dose values for a wide range of values at rne extreme
ends of their variation.

CONCLUSION

In spite ofthe unusual geometry and wide range of elec"
tron'beam energies to be employed, the sirnple applicator
system that has been described and documenled herein ap-
pears toprovide electron beams adequately suited forintrao-
peratrve el€ctron-beam therapy. Furtherwork is needed rel,
atrve to dosimetric properties when additional shielding is
added to produce irregularly shap€d ffelds.
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