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The Massachusetts General Hospital, the Harvard Cyclotron Labor&t@ly), and the Massachu-

setts Eye and Ear Infirmary have treated almost 3000 patients with ocular disease using high-energy
external-beam proton radiation therapy since 1975. The absorbed dose standard for ocular proton
therapy beams at HCL was based on a fluence measurement with a Farada¢)cépmajority of

proton therapy centers worldwide, however, use an absorbed dose standard that is based on an
ionization chambe(IC) technique. The ion chamber calibration is deduced from a measurement in

a referencé®Co photon field together with a calculated correction factor that takes into account
differences in a chamber’s response®¥@o and proton fields. In this work, we implemented an
ionization chamber-based absolute dosimetry system for the HCL ocular beamline based on the
recommendations given in Report 59 by the International Commission on Radiation Units and
Measurements. Comparative measurements revealed that the FC system yields an absorbed dose to
water value that is 1.1% higher than was obtained with the IC system. That difference is small
compared with the experimental uncertainties and is clinically insignificant. In June of 1998, we
adopted the IC-based method as our standard practice for the ocular bea@Q020American
Association of Physicists in Medicing DOI: 10.1118/1.1487425
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|. INTRODUCTION setts Eye and Ear Infirmafy*’~°The patient outcomes with
heavy particle beam therapy appear to be superior compared
Melanoma of the uveal tract is the most common primaryto those achieved witt? or 1°Ru plaquegcf. Refs. 10 and
intraocular malignancy and the only potentially fatal in- 11). Proton beams have also been used to treat other ocular
traocular tumor in the adult. Stalldrdemonstrated in 1966 tumors, including: angioma, hemangioma, carcinoid, lym-
that uveal melanomas could be successfully treated with rgsghoma, conjunctival melanoma, metastatic lesions, and pedi-
diation therapy, with preservation of the eye in almost two-atric retinoblastom® (the most common childhood intraocu-
thirds of surviving patients. These findings spurred furthenar malignancy. In addition, studies are under way at HCL
advances in ocular radiation therapy, which has come to reand elsewhere for the treatment of age-related macular de-
place enucleatiorisurgical removal of the eyeas the stan-  generation(cf. Refs. 13—1§ the leading cause of blindness
dard treatment. The two major types of radiation therapy aren adults living in developed countries. By the end of 1999,
radioactive plaques, which are sutured on the sclera over the0 829 eye patients had been treated with protons
area of the tumor, and external beam irradiation usingvorldwide!’ Presently, 13 centers treat ocular or orbital dis-
charged particles such as protons and helium ions. Botbases with proton beams.
treatment modalities control the tumor progression and allow The proliferation of ocular proton therapy has necessi-
retention of the eye in a majority of cases. Contemporaryated the standardization of clinical dosimetry. This need was
studies aim to reduce treatment-related side eff@ftfRefs.  underscored by previous investigatides Refs. 18—24that
2-5), principally vision loss, and to avoid the need for revealed the HCL absorbed dose determinations were ap-
enucleation by maximizing tumor control rates. proximately 7% lower than the mean value from other insti-
Constable and Koehler recognized that proton beams at@tions. This discrepancy is related to the fact that, tradition-
well suited for treating intraocular neoplasms: relativelyally, the HCL measured absorbed dose with a didde
large radiation doses can be concentrated in the tumor, anghlibrated against a Faraday oiC),2%?” while the majority
uninvolved intraocular and orbital structures can largely beof other proton therapy institutions employ ionization-
spared. In 1975, a dedicated proton beamline was installecchamber methods. The first formal standardization effort led
for ocular treatments at the Harvard Cyclotron Laboratoryto the publication of dosimetry protocol by the American
(HCL). Between 1975 and 2002, 2973 ocular patients weré\ssociation of Physicists in Medicirfé.Subsequently, pro-
treated at HCL in a collaborative effort that included thetocols have been published by the European Clinical Heavy
Massachusetts General Hospi(MGH) and the Massachu- Particle Dosimetry Grouﬁg, the International Commission
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(Exradin T1, sn 233) Fic. 2. Schematic diagram of the ocular nozzle at the Harvard Cyclotron

Laboratory. The nozzle comprises four brass cylindrical sectigrD), a
tapered brass sno(E), and a field defining apertur@). Section(A) con-
tains a rotating range-modulator wheé€), a collimator(H), an adjustable
range shifteJ), a fixed range shiftefK), and a collimatofL). Section(B)
contains a diagnostic x-ray tube for patient setup, which is removed to
accommodate beam monitor chambésy during proton beam delivery.
SectiongC) and(D) contain only air. The surface of the pati€nbt shown

is positioned 57 mm from the final apertu(€). The radiographic image

y v plane(not shown is located 39 cm beyond the final aperture. The distance
from the effective proton source to the surface of the patient is 123 cm.

Proton Beam in Lucite
HCL Ocular Reference
(TIC)

Diode Diode
(RET3) (RET3)

poration, 101 West 10th St. Wilmington, DEange modula-

tor wheel, a brass collimator, an adjustable thickness poly-
carbonate (commonly called Lexan, fGH1403, p
=1.2 g/cn?, General Electric Company Corporation, 1 Plas-
tics Ave, Pittsfield, MA degrader, a fixed thickness Lexan
degrader, a pair of ionization chamber monitors, a brass
: snout, and a final beam-shaping brass aperture. The fixed
v degraden113 mm thick reduces the proton beam range to

Patient Treatment Field
HCL Ocular Beam
(TIC)

Ocular-BeamTIC 40 mm, and spreads the beam laterally to a clinically useful
i ' size. The variable degrader allows the penetration depths to

l be varied continuously from 0 to 40 mm.
In selecting a reference dosimetry beam, two consider-

ient Treatment with . . . .
%?;ﬁ,':aterd Ocular TIC ations predominate. First, the beam should be representative

of typical treatment beams, e.g., nozzle configurations and
Fic. 1. Schematic diagram showing the calibration schemes for the Harvar ; ;
Cyclotron Laboratory Faraday cyplCL/FC) standardleft branch and for Beam quality. This _helps lo ensure that the measurements are
the International Commission on Radiation Measurements and Unitgelevam to th_e patient treatmems' Second, th? refereljce .dO-
(ICRU) ionization chambe(ICRU/IC) standard(right branch. The boxes  Simetry location should be in a low dose-gradient region in
identify various dosimeters. The ovals describe the calibration or referencerder to minimize the influence of small positioning errors.
beams, where the transfer instruments are various transmission ionizatiqﬁOr the ocular beamline. these requirements were met with a
hambergTIC). ' . .
chambersTIC) spread-out Bragg ped€OBBP with a penetration of 40 mm

depth to the distal 90%, as plotted in Fig. 3, with an adjust-
on Radiation Units and Measuremei8RU),*° and the In-  able range shifter setting of zero thickness. Figure 4 plots a
ternational Atomic Energy Agency. vertical cross-field dose profile that intersects the central axis

This work aims to quantify any systematic differences inat 20 mm depth. The final collimating aperture, 24 mm inside

the absolute dosimetry of the ocular beam at HCL. Specifidiameter, limits the field diameter to 25 mm at isocenter, as
cally, we compare the absorbed dose determined from a dimeasured from the 90%-t0-90% points in the cross-field dose
ode (calibrated with the HCL Faraday cup systewith an  profile. The reference dosimetry location lies on the beam
ionization chambe(calibrated according to the ICRU Report central axis at 20 mm water equivalent depth and is denoted

59), as illustrated in Fig. 1. by z,. (In this work, we follow the definition of water
equivalent depth, as well as methods for its determination,
[I. METHODS AND MATERIALS from the ICRU® Essentially, the range of a particle or beam

of a certain energy in some medium is scaled to give the
range in water at that same energy. The difference in proton
All measurements were performed in the ocular treatmentiuence reduction in water relative to the other medium is not
beamline of the Harvard Cyclotron Laboratory, shown schetaken into account in this scaling procedur¥an et al3?
matically in Fig. 2, which accepts a nearly monoenergetioneasured the neutron dose equivalent per proton absorbed
159 MeV proton pencil beam. The beam is incident on adose in the HCL eye beam at3L0 ° Sv/Gy at 25 cm dis-
polymethyl methacrylatecommonly called Lucite, §HgOs, tance from the location of the eye during treatment. This
p~1.2 glcn?, |.E. Dupont de Nemours and Company Cor- very low value suggests that, for the purposes of reference

A. Ocular-beamline properties and reference field
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10 . ~ : : , A proton beam irradiation is terminated automatically by
shutting off the electrical current to the cyclotron’s ion
source when the preset irradiation amount, in monitor units,
has been reached. The absorbed dose during treatment is
continuously monitored with a pair of thin, air-filled trans-
mission ionization chambe(dICs) that follow the ambient

Reference
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=8

o)

=

>

2 Dosimetry . )

~ Depth atmospheric pressure. The TICs have a circular cross-
-5 4F sectional area of 50.8 mm diameter, an interelectrode gap of
é 3.18 mm, with a 1500 V collecting voltage applied between
e 2f each electrode pair.

Q

0 B. Absorbed dose measurements with an ionization

0 10 20 30 40 50 chamber

z / mm >

The quantity absorbed dose is defined’as

Fic. 3. Absorbed dose to water per monitor ullit, /mon.,,,, as a function
of water depth,z, measured with a diode. The points represent measure- D =de/dm, (1)
ments and the solid line, a spline-interpolation, is an eye guide. The refer- . . L L
ence dosimetry depth, 20 mm upstream of the depth at which the dos\@’here @ is the mean energy |mparted by 1onizing rad"?ltlon
falls to 90% of its peak value, is representative of actual ocular treatmentO matter of massm. The absorbed dose to the gas cavity of

techniques. an ionization chambeD,, per unit charge produced in the
cavity, Q, is

proton dosimetry, no correction is required for the neutron Dy/Q=W/mg, 2

component in the HCL ocular treatment field. whereW is the mean energy required to create an ion pair

Although the observed neutron exposures are small in thand my is the sensitive gas mass in the cavity. For proton
HCL eye beam, that result depends on the particular featureseams W varies only slightly over the interval of clinically
of the beamline and treatment apparatus. Therefore, we mugilevant proton energy. The ICRUrecommends thaw
emphasize the need for each facility to verify that its neutrorshould be approximated by a constant value W,
exposures to patients are as low as reasonably achievable #134.8 J/C over the proton energy range of relevance to clini-
order to minimize the probability of complications, e.g., in- cal dosimetry Ep,<250 MeV). The cavity gas mass is deter-
ducing second tumors. This concern is particularly pro-mined experimentally if°Co radiation. The absorbed dose
nounced in cases where the vast majority of protons entering the gas is converted to absorbed dose in the material of
the nozzle(>95% in this casedo not reach the patient but interest, e.g., water for reference dosimetry, with Bragg—
are lost within the nozzle itself. These protons have no theraGray cavity theory. For the reader’s convenience, we briefly
peutic value but may lead to significant levels of neutronpresent the calibration formalism in the notation of the ICRU
production. In the HCL ocular nozzle, these proton losses argeport 59°°
principally attributable to inefficiencies in the beam scatter- The air-kerma formalism provides the absorbed dose to
ing system(the fixed range shift¢rand due to losses in the water from protons with
final, field-defining aperture.

Dy,p=M;"Np ¢Cp, )
whereM " is the ionization chargécorrected for pressure
10 « Up ' ' " Down— and temperature effects, recombination, leakage, polarity ef-
R fects, etc), where
+ 8¢
'738 ND,g: Ng(1— g)AwaIIAion/(S\Nall,g)c(Men/p)air,waIIKhum @
b=
3 6 L
2 and where
‘.‘:§ 4t Cp:(Sw,air)p(wair)p/(wair)c- ©)
€ The air kerma calibration coefficient f6PCo, denoted by
g 2t N, was measured at a secondary standards labotaaml
is traceable to the United States National Institute for Stan-
0_20 & . °20 dards and TechnologyNIST). The fraction of secondary

x /mm > electron energy lost to bremsstrahlung, denoted,by from
Ref. 34.A,. corrects for absorption and scatter in the wall
Fic. 4. Measured absorbed dose per monitor Udif,/mon,,, vs lateral  and buildup cap materials ark,,, corrects for ion recombi-

position,x, with respect to the beam axis at a 20 mm depth, near the cent ; ; 0 i ; ;
of the spread-out Bragg peak. The measured valopsen circley were Shation during theCo calibration. The termq"’a”'g)c s the

made with a silicon diodéRET3). The solid line, which served as an eye mean. ratio of restricted mass stopping powers qf the wall
guide, is a model it to the measured values. material and the gas for the secondary electrons in the pho-
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TaBLE |. Parameters for the thimble ionization chamtiExradin model T1, serial number 283 he calibration
coefficient adopted is based on an experimental determination of the chamber’s gas-mass in a reference proton

beam.

Parameter Value Units Ref. Comments

Al 0.992 e 30

(Swatl.aidc 1.145 o 30

(en! P airwal 0.906 o 30

Khum 0.997 30 For®Co radiation

g 0.003 34

Np, g/ (NkAion) 0.9506 This work From Eq«(4)

(Wain) ¢ 33.77 JiIC 30 Ambienthumid) air

(Sw,air)p 1.139 o 51

(Wainp 34.8 JiC 30 Ambienthumid) air

(Wai) of (Wain) ¢ 1.031 30 Ambient(humid) air

b 1.174 This work
Np,¢Cp/(NcAion) 1.116 This work From Eqgs(4) and (5)
Chamber-specific values

N 6.763< 10° Gy/C UW ADCL (Ref. 33

Aion 0.999 e UW ADCL (Ref. 33

Np g 6.461x 108  Gy/C Method of ICRU(Ref. 30  From Eq.(4)

my 5.22x10°8 kg This work At 22 °C, 101.3 kPa

(k9p 1.00 This work Recombination
correction in proton
beam

(Kpodp 1.00 This work Polarity correction in

proton beam

ton calibration beam. The termugn/p)ar war iS the mass —was verified with radiographic images and/or with a light-
energy-absorption coefficient ratio of air and wall f§€o  field and shadow-template technique.
radiation. The humidity correctiork,,, corrects for the By solving Eq.(2) for my, the chamber’s gas mass was
difference in response in ambient air compared to dry airestimated at 5.22610°® kg, where the value of absorbed
[Medin et al. (2000*° subsequently pointed out th#t,,, dose per ionization charge producBg/Q was calculated
should not appear in Ed4). This conceptual error is dis- With Eq. (4), yielding D/Q=Np 4=6.461x 10° Gy/C. The
cussed in Sec. 1Y The termC,, converts the chamber’s mea- ionization charge collected was measured with a commercial
sured response if’Co radiation to that in a proton beam. electrometerKeithley Instruments, Inc., model 6512, serial
The term Sw,air)p is the ratio of proton mass stopping powers number 0603340, Cleveland, Qithat was calibrated trace-
in water and air and is approximated by a constant value ofble to the NIST. Measurements were made in order to esti-
1.139 for range and modulation functions used in oculamate the influence on charge collection of bias polarity, volt-
treatments at HCL. In fact, based on the simulations by Meage, and proton beam dose and dose rate. For the reference-
din and Andrec’ this value of mass stopping power ratio is dosimetry measurements considered here, the correction
constant to within less than 0.1% over the water depth interfactors for these effects were negligibly small.
val extending from 9 to 33 mm upstream of the mean range
of a 150 MeV proton beamW,;), and Wy;). are the mean
energies expended to form an ion pair in air for proton andA B
9Co radiations, respectively. The values of the dosimetry \,
parameters in Eq$2)—(5) are listed in Table 1. Y
The thimble chambermodel T1, serial number 233,
Exradin Inc., Lisle, Il contains an air filled cavity, vented to
the ambient atmosphere, with a nominal volume of 0.08.cm C
Figure 5 illustrates the chamber’s design, including a wall 10 mm
and a central -eleCtrOde- thf;lt are ma-de -Of A-150 -tissueI; 5. A scale drawing of the thimble ionization chamigerodel T1, Exra:
SUbSFItUte pIaSt.I(?fA speC|aI_]|g, shown in Fig. 6, precisely d:ﬁ-ln-c., Lisle, IL).The?:hamberwanA) and central electrod@) are made
positions a Lucite phantom in the reference beam. The Cham)'f A-150 tissue-substitute plastic. The air-filled chamber cai@y has a
ber resides in a hole in the phantom that places the center @bminal active volume of 0.05 chand is vented with two flexible tubgE).
the chamber’s active volume on the beam’s central axis, akhe chamber contains a guard rifiQ) that is held at approximately the

; : ; otential of the central electrode in order to minimize leakage current from
20 mm water equwalent depth, and with 57 mm dIStanC({)he wall, which is held at ground. The chamber is connected to an electrom-

between the aperture a.nd the phantom surface. The alig.@t’er and high-voltage power supply with a triax catfie Adapted from the
ment of the chamber with respect to the beam central axisanufacturer’s drawingRef. 52.

m
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land, OB that was calibrated with a current sous&eithley

' TOP VIEWS Instruments, Inc., model 263, serial number 528322, Cleve-
land, OH with a calibration traceable to the NISTFor the
FC measurements, the radiosurgery beamline included a Lu-
cite block (to spread the beam laterally and to degrade the
incident proton beam energy of 159 MeV down to 126 MeV,

monitor chambers, and various circular collimating aper-
tures. The value of the average proton mass stopping power
in Eqg. (6) at the FC measurement location was taken as 6.2
MeV cn?/g, corresponding to a mean proton beam energy of
125.6 MeV. For additional details, the reader may consult a
recent paper by Newhauset al® that covers the HCL/FC
methods for radiosurgery dosimetry. The FC methods and
apparatus described in that paper were also used to calibrate
the RET3 diode. Additional information on the HCL/FC do-
simetry may be found elsewhef®?’3"~4°The RET3 diode
was operated in the manner described by Koehlevhere

the ionization charge collected is proportional to dose, pro-
vided the bias across the diode junction is held at or very
near zerc® The ionization charge collected from the diode
junction was measured with a commercial electromg{ei-

thley Instruments, Inc., model 616, serial number 49015A,
Cleveland, OHi, located in the treatment room, and was cor-
Fic. 6. Diagrams of the ionization chamber and diode dosimetry systenrected for the no-beam background signal, The electrom-
mounted on the HCL ocular beamline. The beamline, as shown here, igtar's calibration coefficient was determined at HCL using a
configured for absolute dosimetry measurements including a tapered snout . .

with a 24-mm-diameter apertut). The thimble ionizatior(B) chamberis ~ current sourcégKeithley Instruments, Inc., model 263, serial
mounted in a special holdé€) shown in plan viewupper lefy and looking  number 528322, Cleveland, QMith a calibration traceable
along the beam axis toward the proton soufiowver lefy. The diode do- 15 the NIST*! An adjustable voltage source, located between
simeter(D) is mounted on a spring-loaded pivoting arm located behind a . .

variable-thickness stepped wheE). Both systems position their respective the diode and the input stage of the electrometer, suppressed
dosimeters at the center of the spread-out Bragg peak in depth and at tifhe input offset voltage, thereby minimizing the no-beam
center of the field’s cross-sectional area in the transverse direction. background current. The electrometer provided an analog
signal(0—2 V) that is proportional to the charge reading and
this signal was measured with a voltmeter located outside of
the treatment room.

The small silicon diodgdesignated as REY3vas cali- For all of the absorbed dose measurements, the transmis-
brated against a Faraday c(fC) and has provided absorbed sjon ion chamber readings were corrected to 22 °C and 101.3
dose measurements for ocular therapy dosimetry since 199gpa. However, we did not make corrections for the tempera-
The Faraday cup method essentially measures the proton fly; e dependence of the diode’s respofisfe Koehle?® and
ence, ¢, which is subsequently converted to absorbed dosgrata available upon request from the Harvard Cyclotron
by multiplying by the mean proton mass stopping power for_gpqratory, since the temperature effect was neglected in

C. Absorbed dose measurements with a diode

tissue, (&/p dX).iss,avgOr the HCL/FC-based diode dosimetry method. This is consis-
D = ¢(dE/p dX)iss, avg (6)  tent with our primary goal of comparing the ICRU/IC and
Where HCL/FC dosimetry systemas practiced (We did, however,
observe a 0.55% increase in the diode’s response per degree
$=NIA. (7)  Celcius of temperature increase. This effect is discussed fur-

The proton fluence at the measurement position, nomither in Sec. o _ _ _
nally monoenergetic with some small amount of contamina- 1he diode was contained in a one-dimensional scanning
tion by lower-energy protons and other particles, had a meafystem. The device mounts to the snout, as shown in Fig. 6.
proton energy of 126 MeV. The FC-based fluence determilt includes the diode, mounted on a pivoting plastic arm,
nation and the subsequent diode calibration measuremethich moves the diode along a gentle arc, thereby approxi-
were carried out under the same beam conditions and at tHgating a linear translation in depth along the beam central
same location. In Eq(7), N is the number of protons andl  axis. The effective wall thickness of the diode was experi-
is the effective cross-sectional area of the b¢ar@9 cnf) at  mentally measured at 1.2 mm0.2 mm water equivalent
the measurement location. The number of protons is deducgtiickness(WET). The diode’s arm is spring loaded in order
from a charge measurement with an electrométaithley  to keep the diode in contact with the downstream face of a
Instruments, Inc., model 616, serial number 49015A, Clevestepped Lucite wheel that serves as a phantom. The wheel is
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TasLE Il. Absorbed dose determinations in the ocular treatment beam of the Y C T T T T
Harvard Cyclotron LaboratoryHCL). The ratio of the absorbed dose per
monitor unit determinations from a diode measurement, denoted by 9.0 1
D giodd Zm), to that from ionization chambeB (z,), at the center of a
spread-out Bragg peafdepthz,), were obtained with the HCL/FC and _
ICRU/IC measurement techniquésee the text respectively. Statistical o)
measures of the absorbed dose per monitor unit and ratio values are givenE 89T + i
including the average, experimental standard devidiiemoted byo), and (0]
experimental standard deviation of the médanoted byo,). 2
Dic(zm) D diodd Zm) gf 88 +
Date (cGy/MU)  (cGy/MU) D giogd Zm)/Dc(zm)
15 September 1998 8.853 8.929 1.009
22 September 1998 8.801 8.885 1.010 8.7 . . . . . 1
06 October 1998 8.762 8.803 1.005
20 October 1998 8.840 8.891 1.006 t-
27 October 1998 8.799 8.928 1.015 Fic. 7. The absorbed dose per monitor uRifz,,) measurements vs time.
03 November 1998 8.803 8.910 1.012 Separate series are plotted for diode and ionization chamber measurements.
10 November 1998 8.839 8.844 1.001 For clarity, the ion chamber and diode measurements have been offset from
17 November 1998 8.863 8.978 1.013 one another slightly in time. The error bars represent the estimated total
uncertainties, approximately 4% for each dosimetry system.
Average 8.821 8.874 1.006
o 0.034 0.076 0.009
Eercem” 0%11 0(_)624 0?'()903 The HCL/FC and ICRU/IC techniques agree within their

m

Percento, 0.12 0.27 0.29 respective uncertaintiediscussed in Sec. IV each esti-
mated at 4%(one standard uncertaintyThe difference is
clinically insignificant. The ICRU/IC technique was adopted
as the standard practice for ocular beam dosimetry in June,
motorized and may be rotated remotely. It has 18 steps, rang-99g, although we continued to run both systems in parallel
ing in thickness from 0 to 35 mm WET. All absolute ab- peyond that date in order to obtain the data for this report.
sorbed dose measurements in the reference beam were maderhe excellent agreement is perhaps surprising in light of
at a water equivalent depth of 20 mm by positioning thethe discrepancies between the IC and FC methods that were
variable thickness stepped wheel to intercept the beam witheyealed in the HCL large-field beamlirtef. Refs. 18—20

its 19 mm WET step. The alignment of the diode with the\here a change to the ionization-chamber-based standard re-
beam'’s central axis is rOUtinely verified with I|ght field that is Su'ted in a 6.5% increase in the reported absorbed dose per
collimated by a small diameter circular aperture. Because thSroton fluence2-24

diode junction is not visible due to protective coveriifack However, the present findings are consistent with a recent

electrical tapg its position was verified with diagnostic pho- comparison of dosimetry methods in the HCL radiosurgery
ton and proton radiographs.

e I[C I I I I
lll. RESULTS AND DISCUSSION o2l 8 Bogel _

Table Il summarizes a series of nine absorbed dose mee
surements that was carried out over a two-month period inT 101 [ ]
1998. For each measurement date, the absorbed dose p
monitor unit at the reference depti(z,), from the
ICRU/IC and HCL/FC techniques are tabulated. Figure 7
plots the values oD(z,) versus time and Fig. 8 plots the
values ofD (z,))/((D(zm)) avg from the IC and from the diode
versus time. The mean ratio of absorbed doses,
D giodd Zm)/Dc(z) , is 1.006 with an experimental deviation 0.98 [ ]
of the mean(ESDOM) of 0.3%. The ionization chamber’s ) ) , , )
experimental standard deviatiggSD), at 0.1%, is slightly 01 Sep 01 Oct 01 Nov 01 Dec
better than the 0.3% value observed with the diode system. t >

It should be noted that the diode absorbed doses Werl—ele. 8. The ratio of absorbed dose per monitor unit measurements to the

reported in t!ssue while the cprrespondmg ICRU/IC valuesaverage of all measurements in the set®&,)/((D(zm))avg. as a function
were stated in water. Converting the HCL/FC dose determiof time. Separate series are plotted for diode and ionization chamber mea-
nations from tissue to wateiusing mass stopping powers surements. This so-callezbnstancyplot reveals that both systems exhibit

; ; ; excellent reproducibility. The dashed lines represent the tolerance band, i.e.,
from Jann‘?% would result in an increase of approxmately the clinical intervention thresholds. For clarity, the ion chamber and diode

0.5% in the 20 to _15_0 MeV interval. At the ocular beam measurements have been offset slightly in time. The error bars represent the
reference depth, this increas®gioqd Zm)/Dic(zy) to 1.011.  experimental standard deviations given in Table II.

avg

1.00 1

0.99 | ]

D(zn) / (D(zpy))
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12 - - ; 12 less than 45 MeV in the ocular beam and less than 20 MeV
in the radiosurgery beamline.

1oF E In terms of consistency with other institutions, the IC ap-
; sl P paratus and methods yield measured absorbed dose values
g ' ' _L that are in excellent agreement with those from other proton
® osl Jos 9 therapy institutions worldwide. In 1998, MGH participated
. : § in an international dosimetry intercomparison conducted at
E o4} g ®e ] Joa ° the Loma Linda University Medical Center. The MGH ab-
o TR . sorbed dose determination deviated from the mean value

02t RET3/ PPIC y 102 from all participating institutions by only-0.8%22 Since the

44 ] replacement of the HCL/FC technique with the ICRU/IC
00, % / 100 w0 00 method did not result in clinically or physically significant
z mm -

numerical differences, we did not make any change to our
Fic. 9. Absorbed dose to water per monitor uilit,/mon, as a function of ~ Statement of absorbed dose for the ocular beamline.
water depth,z, measured with the Si diodéRET3) and a parallel plate Finally, we note that the pediatric retinoblastoma patients

ionization chambefPTW model 23348in the 159 MeV radiosurgery pro- treated at HCL were treated in the large-field beamline, not
ton beam at the Harvard Cyclotron Laboratory. The consecutively measureJ . . "
curves from the ion chambdcircles and from the diodgsquares were in the ocular beamline. The d03|metry of the large'f'eld
fitted to an analytical Bragg curve model and normalized to unity at theirbeamline is described elsewhéfe®*
respective peak&bscissa at left The solid line, representing the ratio of
the normalized curves from the diode and ion chamberPggy/D ¢,
reveals decreasing agreement with decreasing water dapitissa at |\/. UNCERTAINTIES
right).

The uncertainty in the ICRU/IC proton absorbed dose val-

ues is predominated by uncertainties in the valueveg,, .

The International Atomic Energy AgencdyAEA) recently
beamline. Newhauset al3® compared absorbed dose deter-published recommendations on proton therapy dosimetry
minations from an ionization chambécalibrated with the [IAEOQ1], and, like the ICRU, advocated the use of a single
80Co air-kerma methodwith those from another Si diode value of Wai)p. However, the IAEA's recommended value
dosimeter(designated by MC459 and calibrated based on 434.23 J/Q is 1.6% lower than the ICRU value. Both in-
Faraday cup techniqueThey found agreement in absorbed stitutions obtained their respective recommended values
dose to water to within better than 2% near the peak of a 16@rom evaluations of experimental data from the literature.
MeV pristine (unmodulatedl Bragg curve, with decreasingly The IAEA evaluation procedure was recently described by
good agreement with decreasing water depth. They attributellueller** The evaluation procedures, the recommended
the latter trend to the differing LET dependencies of the di-values, and the corresponding uncertainties remain contro-
ode and ion chamber responses. At 60 mm water depth, coversial®64°-47
responding to 120 MeV proton energy, they found that the Both the ICRU and the IAEA estimate that their ioniza-
FC-based result was 9% lower than was obtained with théion chamber methods result in proton absorbed dose deter-
IC. That finding confirms the 8.5% discrepancy in the FCminations with approximately 2% uncertainty. Newhauser
dosimetry that was observed in a contemporary dosimetrand co-worker® at MGH recently demonstrated that various
intercomparisort? In a similar experiment, we observed that implementations of the ICRU’'s recommendations for the
the RET3 diode’s response was 7% lower at 120 MeV  %Co calibration method for ion chambers yield proton ab-
that at the peak, as shown in Fig. 9. Figure 9 plots the relasorbed dose determinations that differ by a maximum of
tive response of the diode and the ionization chamber, a8.7%. While these methods agree within the stated uncertain-
well as their ratio, revealing differences in the dosimetersties, the discrepancy is much larger than the measuring
energy dependencies that are consistent with measuremesytstems’ precision. Their findings illustrate the potential
reported by Newhausest al>® The uncertainty in the ratio paths for introducing undesirable systematic errors, viz. in-
curve in Fig. 9 is estimated at less than 3% over the deptleonsistencies with other proton therapy centers. The MGH
interval from 60 to 140 mm(In the high-gradient regions on study, which includes a detailed discussion on uncertainties,
either side of the peak, the uncertainty is significantly higherconcluded that their reference absorbed dose measurements
due to the fact the observed modes of the measured Bragge accurate to within approximately 48ne standard un-
curves differ by 0.5 mm. However, this effect is not impor- certainty.
tant for the present purposg3he above-mentioned obser-  Conceptual errors in the ICRU formalisms were pointed
vations suggest that a partial cancellation of competing syssut by Medinet al*® Two of these are relevant to the present
tematic differences contributed to the high level of agreework and are described in the following. First, a correction
ment near the end of range, e.g., at the reference depths fafctor for humidity,K,,m, appears in Eq4) of the air-kerma
the ocular and radiosurgery beamlines. In particular, the FGormalism. Removing this extraneous term would decrease
calibrations of the ocular and radiosurgery diode dosimeterthe apparent proton absorbed dose by 0.3%. Second, the
were carried out at 126 MeV, whereas the absorbed doskCRU formalism does not explicitly include ionization-
measurements were carried out at mean proton energies dfiamber-specific perturbation correction factors. The IAEA

Medical Physics, Vol. 29, No. 9, September 2002



1960 Newhauser, Burns, and Smith: Dosimetry for ocular proton beam therapy 1960

1.6 T ; ' ' agree within the respective uncertainties. A diode dosimeter
B T®°, S0 (calibrated with the HCL Faraday cup technigugields an
t 14l & ] absorbed dose to water that is 1.108% experimental stan-
T dard deviation of the meamigher than that obtained with an
<>D ionization chambefcalibrated based on tHf¥Co air-kerma
12} calibration and according to the recommendations contained
,__\ in ICRU Report 59. This difference is small compared to the
: o0l measurement systems’ respective uncertainties, which are

both 4%. The ionization-chamber technique exhibited
slightly better reproducibility and repeatability than was ob-
served with the diode/FC system and it was adopted as our
standard clinical practice at HCL in June of 1998. In April,
t/ly- 2002, the entire ocular treatment apparatus was moved from
Fic. 10. The relative sensitivity)/D, of the RET3 diode vs time, revealing HCI_‘ to the NortheqSt Proton Therapy CentbiPTC). The
the decrease over time. The sensitivity decreases due to accumulatéiPSimetry methods implemented at HCL were adopted as the
radiation-induced damage to the semiconductor junction. standard clinical practice for the NPTC, ensuring consistency
between the two facilities and providing continuity in our

) clinical operation.
(2001 recommends that all perturbation factors for proton P

beams should be taken as unity, so their omission introduces
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