Verification data for electron beam dose algorithms
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The Collaborative Working Group (CWG) of the National Cancer Institute (NCI) electron
beam treatment planning contract has performed a set of 14 experiments that measured dose
distributions for 28 unique beam-phantom configurations that simulated various patient ana-
tomic structures and beam geometries. Multiple dose distributions were measured with film or
diode detectors for each configuration, resulting in 78, 2-D planar dose distributions and one,
1-D depth-dose distribution. Measurements were made for 9- and 20-MeV electron beams, using
primarily 6 X 6- and 15X 15-cm applicators at several SSDs. Dose distributions were measured
for shaped fields, irregular surfaces, and inhomogeneities (1-D, 2-D, and 3-D), which were
designed to simulate many clinical electron treatments. The data were corrected for asymme-
tries, and normalized in an absolute manner. This set of measured data can be used for verifi-
cation of electron beam dose algorithms and is available to others for that purpose.
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I. INTRODUCTION

In algorithm verification, calculated dose distributions are
compared with measured dose distributions for an entire
3-D volume or for selected portions, e.g., planar, linear, or
point dose distributions. The purpose of algorithm verifi-
cation is twofold: (1) to quantify the accuracy of the dose
algorithm as a function of position in the beam for specific
beam geometries, patient geometries, and model parame-
trizations; and (2) to validate the algorithm. Both are nec-
essary prior to using a dose calculation algorithm for pa-
tient treatment planning.

In a recent Collaborative Working Group contract on
high-energy electron beam treatment planning (ECWG),
verification of the validity and accuracy of 3-D electron
beam dose calculation algorithms was a crucial component
of the work of the group. [High Energy 3-D Electron Beam
Treatment Planning Cooperative Working Group, consist-
ing of the Mallinckrodt Institute of Radiology at Washing-
ton University in St. Louis (WU, the University of Mich-
igan Medical Center in Ann Arbor (UM), and the
University of Texas M. D. Anderson Cancer Center in
Houston (UT), supported by National Cancer Institute
Contracts N01-CM-67913, 4, and 5.] In order to enable the
algorithm verifications, an extensive data set of electron
beam dose distributions was measured and analyzed. The
full data set was then used by members of the ECWG to
validate their individual algorithms. We anticipate subse-
quent papers, which address the quantitative results of the
algorithm verification exercise, to be published by the three
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institutions separately. The ECWG also performed clinical
treatment planning exercises involving electron beam treat-
ment of several sites commonly treated with electron
beams: the intact breast, post-mastectomy chest wall, lar-
ynx, craniospinal irradiation, orbit, parotid, and nasal ves-
tibule. Therefore, in contrast to some earlier work on al-
gorithm verification, which concentrated on experimental
geometries designed specifically for testing the physics of
the algorithms,l’2 the ECWG designed verification tests to
simulate situations that would be encountered in the clin-
ical treatment planning part of the ECWG studies.

Dose distributions from a total of 28 different experi-
mental configurations were measured in this work. Each of
the experiments was designed to test either (1) the funda-
mental characteristics of the electron beam calculation al-
gorithm, or (2) the behavior of the algorithm in a situation
applicable to a particular clinical site. Dose distributions
were measured for situations including variation of energy,
electron applicator, SSD, field shaping, irregular surfaces,
and inhomogeneities (1-D, 2-D, and 3-D) using air, lung,
and bone tissue substitutes.>* Detailed analysis of the mea-
sured data has generated a self-consistent data set that can
be used for electron beam dose calculation verification
studies. The data set is available on magnetic tape to inter-
ested institutions. (Address ECWG data set tape requests
to A. S. Shiu, Ph.D., Department of Radiation Physics,
Box 94, The University of Texas M. D. Anderson Cancer
Ctr., 1515 Holcombe Blvd., Houston, TX 77030.) This
paper describes the irradiation conditions and phantom ge-
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TABLE I. Electron properties of various tissue substitutes.
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High-impact

Electron polystyrene® SR4 hard
Lung solid (white) bone

Tissue substitute Styrofoam® Substitutes’ Water water" (CeH, ) + TiOzf substitute®
Physical density

(10° kg m %) 0.0265 0.294 1.000 1.022 1.055 1.6928, 1.699"
Linear collision

stopping power ratio® 0.0256 0.311 1.000 1.004 1.019 1.585¢, 1.592"
Linear scattering

power ratio® 0.0210 0.292 1.000 0.901 0.829 2.1038, 2.112"

*Ratio means value of tissue substitute relative to that of water.

®Compositions: 73.5%-100% polystyrene, 0-10% chlorodifluoro ethane, 0-10% polyethylene, 0-4.5%
ethylchloride, and 0-2% hexabromocyclododecane (assumed 100% polystyrene for calculation of scatter-

ing and stopping powers).

“Available from Radiation Measurements, Inc., Middleton, Wisconsin.
dReference 11.

“Reference 12.

3% TiO,, may vary with manufacture.

¢For 2-D inhomogeneity.

"For L-shaped bone.

ometries for the experiments, the dosimetry measurement
techniques, the processing of the data, and aspects of the
resulting data set.

Il. MATERIALS AND METHODS
A. General experimental design

The Varian Clinac 1800 was selected from the list of
machines available from each of the three institutions for
making the data set, as that machine was common to two
of the participating institutions. A detailed comparison of
the features of all the machines available to the ECWG for
this study showed the two machines to have nearly identi-
cal dosimetric characteristics. In addition, the members of
the ECWG believed that the Clinac 1800 data would be the
most challenging to fit using the pencil beam electron cal-
culation algorithms which were based on the theory of
Hogstrom et al>® This is due in part to the design by
Varian of the electron applicator and beam flattening sys-
tem. At the highest energy, 20 MeV, the bremsstrahlung
dose component is small compared to that from other ma-
chines using double scattering foil systems, which is spec-
ulated to occur because of a thinner primary scattering foil
thickness. However, these results sacrifice flatness for the
broad, high-energy beams that are utilized for craniospinal
irradiation. The use of minimal scattering foil thickness
requires some additional beam flattening being provided by
scatter from the applicator walls. There is also significant
leakage of primary electrons through the applicator
walls,””® which tests dose calculation well outside the field.
Both applicator leakage and scatter are not easily modeled
and can result in a stringent test of any electron algorithm.

Two energies, 9 and 20 MeV, were selected, as it was
expected that results from a high and low energy would be
sufficient to illustrate any energy dependent disagreement
of the algorithms to data. Also, 20 MeV is in the energy
range often used for craniospinal irradiation,”'® and 9
MeV is an energy often used for chest wall or eye irradia-
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tion. Applicator sizes of 15X 15 cm and 6 X 6 cm were used
for the majority of the measurements.

The coordinate system used for data measurements
was defined as follows: the + Z direction is the same as the
direction of the beam; the + Y direction is away from the
gantry; and the + X direction is such as to make the co-
ordinate system left handed. The origin of the coordinate
system is on the beam central axis at isocenter. In specify-
ing planar dose distributions, the axial plane parallel to the
X axis is defined as the transverse plane and that parallel to
the Y axis is defined as the radial plane.

A general approach to data collection was used. In
general, most experiments involved data acquisition in a
number of planes: (1) axial plane through the central axis
of the beam, (2) a second axial plane 2 cm inside the field
edge, (3) two “beam’s eye view” planes (a BEV plane is
orthogonal to the beam central axis), at depths of 2 mm
and the depth of the 90% of absorbed dose maximum
(Ryp) along the central axis of the open field. As described
below, the axial measurements were made with diode de-
tectors in a water phantom, while the BEV planes were
measured with film.

B. Measurement methods and phantom materials

All measured data used for the algorithm verification
were obtained in one of two ways: (1) diode detectors in a
water phantom, or (2) XTL-2 film in a solid water phan-
tom, with the exception of one depth-dose curve in lung
substitute measured using thermoluminescent dosimeters
(TLD). The physical densities, linear collision stopping
power ratios, and linear scattering power ratios'"'!? (with
respect to water) of all the water-equivalent material (elec-
tron solid water'! and high impact polystyrene'?) and in-
homogeneities [styrofoam (Dow Chemical Co., Midland,
MI 48674), lung, and bone substitutes] are listed in Table
I. Only selected examples of irradiation conditions are de-
scribed in Sec. III.



625 Shiu et al.: Verification data for electron beam dose algorithms 625

1. Water phantom data

All water phantom data were collected using a diode
detector (Therados unshielded p-type silicon diode) in an
RFA-3 water phantom system. Work published
previously'> has shown that the diode detector dosimetry
agrees well with parallel plate (NACP) and cylindrical
(Farmer type, RK, PTW) ion chambers, TLD, and film
dosimetry. The diode was located 0.3 mm below the sur-
face of the detector, and that point was taken as the effec-
tive point of measurement. The active area of the detector
is 2X2 mm.

The RFA-3 water phantom system was interfaced to a
microVAX II computer for data acquisition. The com-
puter controlled the 3-D position of the field probe with
respect to the origin and determined the relative dose for
the field detector and a reference detector by averaging
several readings. After individual scans, the measured data
and other identifying information were written automati-
cally to an ASCII file.

For each depth-dose or profile scan, the dose at the
predefined normalization point was read automatically be-
fore and after each scan. The system was configured to
move the detector in its smallest digital step size (~0.3
mm) for each individual dose reading. For a single dose
reading, the system averaged automatically the dose values
obtained from several ( >5) readings of the scanning de-
tector relative to the reference detector, until the variance
in the readings was less than a value specified previously
(typical default value was 0.5%). Relative to each data
point, the next data point was obtained when (a) the dose
reading changed by more than 1% from the previous data
point or (b) the new position was more than 5 mm (for the
depth dose) or 10 mm (for profiles) from the location of
the previous *“datapoint.” This method allowed the system
to take more closely spaced datapoints in the areas of steep
dose gradient, while decreasing the number of datapoints
in the areas of low-dose gradient.

The two-dimensional dose distribution was then gener-
ated by using the depth-dose curve to interpolate between
the various profiles (typical 6 ~ 8 profiles measured at var-
ious depths) similar to the method of Milan and Bentley.14
These data were then used to generate a two-dimensional
dose distribution on a rectilinear grid (typical grid spacing
2.5 2.5 mm). The two-dimensional dose distributions are
the data to be distributed to the interested institutions.

2. Film/solid water data

XTL-2 film was used for the measurements made in
BEV planes and other selected geometries. The film was
sandwiched in an electron solid-water film cassette,’
which was sandwiched between slabs of solid water. Each
film was irradiated with approximately 6 c¢Gy, and then
developed. Each film was digitized using a Scanditronix
RFA-7 film densitometer system, by scanning with an ap-
erture of 2-mm diameter on a 2X2-mm grid of points.
Appropriate H and D curve conversions from net optical
density to dose were applied to each scan.
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3. TLD data

Thermoluminescent dosimetry was used to measure the
depth-dose curve in a lung substitute phantom. Each TLD
consisted of approximately 27 mg of Lithium Fluoride
TLD-100 powder enclosed in a sealed cellophane pack.
The active area of the dosimeter was approximately 4 X 4
mm? and 0.5-mm thick. To calibrate the thermolumines-
cence (TL) sensitivity, a set of reference TLDs, placed at
a depth of maximum dose in a solid water phantom, was
irradiated to a dose of 300 cGy during the measurement
session for a 15X 15-cm field at 100-cm SSD. Details of the
conversion from TL to dose have been described before.'®
Three readings per depth measurement indicated a maxi-
mum variation of 2% about the mean.

C. Data reduction

Before a data set could be used for the algorithm ver-
ification and comparison, it was essential that all the mea-
sured data be consistent for each given irradiation condi-
tion. To assure that the data set met this requirement,
significant effort was made to process the data. The data
processing can be divided into several categories: data nor-
malization, data manipulation, and data transfer.

During analysis, all the measured dose distributions
were renormalized so that the maximum central-axis dose
for the reference geometry was equal to 100%. The refer-
ence geometry for each experiment consisted of the open
applicator (no field shaping) irradiating a water phantom
at 100-cm SSD. This normalization method was chosen
because it is frequently used in treatment planning systems.
As the dose per monitor unit was known for the reference
geometry, this method allowed easy calculation of monitor
units required to deliver a specified dose for the irradiation
geometry. By normalizing in this manner, it is possible to
compare absolute rather than relative dose distributions.
During the design of each experiment, a normalization
point was defined for each measurement (depth profile,
off-axis profile, or BEV planar dose distribution) so that
the various measurements could all be normalized to create
a self-consistent dose distribution. Whenever possible,
common points (e.g., line of interaction) between planes of
data were used to assure the consistency of the data.

In the process of generating the self-consistent dose
distributions, a number of different kinds of data manipu-
lation were required. These include (1) translation to ac-
count for detector and/or coordinate system misalignment
relative to the central axis or to the phantom surface, (2)
rotations to align the detector orientation (typically the
dose distribution scanned from film) to the desired mea-
surement coordinate system, and (3) repair of obviously
bad data. It should be emphasized that the data manipu-
lation was a process to correct measurement errors or ar-
tifacts, which could be due to alignment errors during
setup or scanning of the film.

Ill. EXPERIMENTS

Fourteen different experiments were performed, and
each experiment had from one to four unique irradiation
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TABLE II. Algorithm verification experiment configuration summary.
SSD Energy Applicator Insert/block Location of planes measured
Exp Phantom (cm) (MeV) (cmXcm) (cmXcm) X(cm) Y(cm) Z(cm)
1 water 100 9 15X 15 - - 0.0, 5.5 0.2,2.8
6x6 - - 0.0 0.2,2.6
20 15x 15 - - 0.0, 5.5 0.2, 6.1
6X6 - - 0.0 02,47
2 water 110 9 15%x 15 - - 0.0 0.2, 2.8
6Xx6 - - 0.0 02,27
20 15X 15 - - 0.0 0.2, 6.1
6X6 - - 0.0 02,55
3 water 100 9 15X 15 3x12 0.0 0.0 0.2,2.8
20 15% 15 Ix12 0.0 0.0 0.2, 6.1
4 water 100 9 15%x15 house - 3.0, —3.0 2.8, 3.6
20 15 15 house - 3.0, —3.0 6.1, 8.2
5 water 110 20 25%25 530 diag. 0.0, 14.0 0.0 -
6 solid water 97 9 66 eye - 0.0 2.6
7 water/30° (2-D) 104.3 9 15x15 - - 0.0 0.2
20 15X 15 - - 0.0 0.2
8 solid water/step(2-D) 100/98 9 15x 15 - 1.0 0.0 -
20 15X 15 - 1.0 0.0 -
9 solid water/nose(3-D) 9 15%x 15 - - - 0.0, — 1.0, —3.0 02,28
20 15X 15 - - 00, —1.0, —3.0 31,61
10 solid water/lung(1-D) 100 9 15% 15 - CAX %DD - 6.0
11 solid water/tung(2-D) 100 20 15X 15 - - 0.0 5.0, 7.0
12 water/bone(2-D) 100 9 15x 15 - - 0.0 -~
20 15X 15 - - 0.0 ~
13 water/air (2-D) 100 9 15x15 - - 0.0 -~
20 15x15 - - 0.0 -
14 water/bone(3-D) 100 9 15%x15 - - 1.0, — 1.0 2.8
20 1515 - - 1.0 6.1

conditions for a total of 28 verification tests. The various
experiments, along with the locations of each planar dose
distribution, are listed in Table II. In the sections below,
the salient points of each experimental setup are discussed;
including the motivation behind the experiment and the
differences between the general experimental schema de-
scribed above and the details of the individual experiment.

A. Experiment 1: Water phantom, standard SSD

The most fundamental test of any radiation dose cal-
culation algorithm is its ability to predict (or at least re-
produce) the measured dose distribution in a water phan-
tom at the standard treatment distance. Thus Experiment 1
measured the dose distributions for the four basic situa-
tions, small (6X6) and large (15X 15) fields at low (9
MeV) and high (20 MeV) energies, with a standard 100-
cm SSD setup. The air gap between the end face of the
electron applicator and the surface of the phantom was 5
cm for the standard BEV planes were used for each case.
Figure 1 illustrates the measurement conditions for the 20
MeV, 15X 15-cm applicator irradiation.

B. Experiment 2: Water phantom, extended SSD

The significance of an algorithm’s ability to predict the
dose distribution at extended treatment distances is similar
to those areas of interest described in Experiment 1. Of
particular interest is an algorithm’s ability to predict (1)
the increase in penumbra due to the increased air gap, (2)
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the change in depth dose, and (3) the change in the dose
distribution, both within the therapeutic portion of the
beam (within the 90% isodose surface) and outside the
beam (outside penumbra) due to major differences in low-
energy electrons penetrating or being scattered off the ap-
plicator walls. Thus another series of situations (small and
large fields, low and high energy) were measured, but with
the SSD set to 110 cm rather than 100 cm. The air gap was
15 cm instead of 5 cm for this setup. Planar dose distribu-
tions were measured in the same positions as in the first
experiment with the exception of the off-axis planar iso-
doses, which were 0.3 and 0.75 cm farther from central
axis for the 6 X6 and 15X 15-cm applicators, respectively,
to maintain the same distance from the beam’s edge at the
water’s surface as the first experiment (2 cm).

C. Experiment 3: Water phantom, rectangular field

Patients are usually treated with a lead or lead-alloy
(Cerrobend) collimator inserted into the electron applica-
tor to define an arbitrary beam shape. Because most algo-
rithms can model rectangular fields, the dose distribution
beneath a rectangular field insert was first studied: Both 9-
and 20-MeV electron beams were used with a 3 X 12-cm
insert in a 15X 15-cm applicator with a standard 100-cm
SSD. For each irradiation condition, four planar dose dis-
tributions were measured: two containing the central axis
and the major axes (one at ¥ =0, one at X = 0) and two
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FI1G. 1. Schematic of irradiation geometry of water phantom, 15X 15-cm
field, standard SSD for a 20-MeV beam. The locations of the BEV dose
distribution measurements for each depth are indicated by the dashed
lines shown on the side view. The locations of the transverse dose distri-
bution measurements for each plane are outlined by the dashed lines on
the isometric view.

perpendicular to the central axis (BEV at Z=0.2 cm,
Z = Ry, of the open applicator).

D. Experiment 4;: Water phantom, irregular field

The majority of clinical electron fields are shaped ir-
regularly using Cerrobend cutouts. The purpose of this test
was to demonstrate an algorithm’s ability to perform cal-
culations for such fields. Figure 2 illustrates the geometry
for the 20-MeV irradiation condition. Referred to as the
“house block,” this shape was selected because its width
was double-valued, because of the complexity created by
the narrow appendage (chimney) which made a right an-
gle near central axis, and by the triangular appendage
(roof). These irregular features are severe and algorithm
accuracy in the penumbra for this case can be compared to
that of the regularly shaped collimation in the — Y half-
plane.

Both 9- and 20-MeV electron beams were used with
the “house block” inserted into the 15X 15-cm applicator;
the water phantom was at the standard 100-cm SSD. For
each of the two irradiation conditions, four planar isodose
distributions were measured-two parallel to central axis
(at Y= +3cm, Y= — 3 cm) and two perpendicular to
central axis (BEV at Z = Ry, Z = Rs; for open applica-
tor).
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FI1G. 2. Schematic of irradiation geometry of water phantom, irregular
field, standard SSD for a 20-MeV beam. The locations of the BEV dose
distribution measurements for each depth are indicated by the dashed
lines shown on the side view. The locations of the transverse dose distri-
bution measurements for each plane are outlined by the dashed lines on
the BEV. The irregular field shape is outlined by the solid line in the BEV.

E. Experiment 5: Spinal field, craniospinal irradiation

In craniospinal irradiation, the spinal cord can be ir-
radiated with high-energy electrons (15-25 MeV) and a
long electron field (30-50 cm).’ If the linear accelerator
produces a uniform beam over the diagonal of a 25 X 25-cm
square, the spine of young children can usually be irradi-
ated by a single field at an extended SSD, or in the case of
adults, by no more than two abutted fields. In order to
simulate these kinds of conditions, data were obtained for
a 5X30-cm insert (defined at 100-cm SSD) along the di-
agonal of the 25X 25-cm applicator, with the collimator
rotated so the long axis of the shaped field was along the
principle axes of the water phantom system (see Fig. 3).
The 20-MeV electron beam was chosen for this simulation,
and the SSD was 110 cm for this setup (air gap = 15 cm).
Two planar dose distributions containing central axis were
measured: (a) one along the length of the field (¥ = 0)
which is important for the abuttment dosimetry, and (b)
one along the width of the field (X = 0) which is impor-
tant for the target volume coverage. A third off-axis planar
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FI1G. 3. Schematic of irradiation geometry of water phantom, rectangular
spinal field, 110-cm SSD for a 20-MeV beam. Measurement locations of
the two planar dose distributions containing central axis and a third
off-axis planar dose distribution are indicated by the dashed lines on the
isometric view.

dose distribution (X = 14 cm, and parallel to central axis)
was measured across the width of the field.

F. Experiment 6: Eye-field irradiation

In treatment of the eye, a nearly circular field is some-
times used with a central lens block. An anterior electron
beam of about 10 MeV can be used to irradiate the entire
retina with a central-axis lens block 1 cm in diameter.
Electrons scatter around the block, missing the lens but
reaching the retina.!” The irradiation geometry for this test
simulating the eye treatment procedure, is illustrated in
Fig. 4. This test used a 9-MeV beam and a 5-cm diameter
insert (with a 1-cm diameter central-axis block) with the
6X 6-cm applicator (field sizes specified at 100 cm from
source). The water phantom was set at 97 cm SSD, as a
reduced air gap of 2 cm minimizes lens dose for an actual
eye irradiation. Because of radial symmetry, only one pla-
nar dose distribution in a plane containing the central axis
was required (Y = 0). A single dose distribution in a plane
perpendicular to the central axis (BEV at Z = 2.6 cm, Ry,
of applicator) was also measured.
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F1G. 4. Schematic of irradiation geometry of eye (retinoblastoma) mea-
surements at 97-cm SSD for a 9-MeV beam. The location of the BEV dose
distribution measurement at a depth of 2.6 cm is indicated by the dashed
lines is shown on the side view. The circular field with a central lens block
and the location of the transverse planar dose measurements is iflustrated
on the isometric view.

G. Experiment 7: irregular surface (2-D), 30° slope

In irradiation of the chest wall, limbs, and neck, the
patient’s skin surface is usually not perpendicular to the
incident beam. This angulation affects both penumbra®'®
and depth dose.'” To simulate the above irradiation geom-
etries, this test used 9- and 20-MeV electrons incident 30°
from the normal of the surface of a water phantom with
the 15X 15-cm applicator. A central-axis SSD of 104.3 cm
was required to prevent the applicator from intersecting
the water phantom. The 20-MeV irradiation geometry is
diagrammed in Fig. 5. Two planar dose distributions were
measured, one in the plane of the gantry rotation (Y = 0)
containing the central axis and one parallel to the surface
of the phantom at a depth of 0.2 cm.

H. Experiment 8: Irregular surface (2-D), 90° step

In electron-beam radiotherapy, the patient’s external
surface often exhibits a steep step within the irradiation
field. This may be due to normal anatomy (e.g., chin), a
surgical defect, or an improperly partially bolussed field.
Any step creates a hot/cold dose region; for a 90° step and
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Water

FIG. 5. Schematic of irradiation geometry of 30° oblique incidence of a
20-MeV beam into a water phantom at the central-axis SSD of 104.3 cm.
The location of the BEV dose distribution measurements at a depth of 0.2
cm is indicated by the dashed lines shown on the side view. The location
of the dose distribution measurement in the principal transverse plane is
indicated by the dashed lines on the isometric view.

parallel incident beam, this can theoretically result in a
dose £50% of the intended dose.?’

A 2-cm high 90° stepped phantom was used for the
measurement with the lower surface set at the 100-cm SSD
for both energies; the 15X 15-cm applicator was used for
both irradiation conditions. The 9-MeV irradiation geom-
etry is diagrammed in Fig. 6. Two planar isodose measure-
ments were made: one contained the central axis and was
perpendicular to the stepped surface (¥ =0); the other
was parallel to the central axis and the vertical step and
was located 1 cm from the step (X = 1 cm).

I. Experiment 9: Irregular surface (3-D), nose

Tumors of the nose are often irradiated with anterior
electron beams.'®?! If bolus is not utilized, then the irreg-
ular surface of the nose prevents lateral side-scatter equi-
librium. A volume of increased dose (hot spot) will occur
inferior and lateral to the nose, and a corresponding vol-
ume of decreased dose (cold spot) will occur beneath the
nose. This can result in tumor underdose and overdose to
normal tissue (e.g., upper gums).

To study the influence of the nose, a uniform semi-
infinite water (or water equivalent) phantom with a right
triangular cylinder (2-cm base, 3-cm high, 4-cm long)
placed on the phantom’s surface was irradiated with 20-
MeV electrons as illustrated in Fig. 7. Typically, nose tu-
mors are irradiated with electrons in the range of 12-18
MeV, so the extremes, both 9- and 20-MeV electrons, were
used for measurements. Dose distributions were measured
in planes parallel to the central axis and perpendicular to

Medical Physics, Vol. 19, No. 3, May/June 1992

9 MeV
oA
!
? /1 \ T
; A 3 lY
Q / \ S
o ( 3
IR
| A 8 3
N
\ 1
L@ \ 2cm z
15cm x 15cqm @100 om k3
|
Electron solid water
/Y
IZcm
| /":
x.____.l..__ Y /8 I Y k 0.0cm
b 1T
| /11 '
I a Y
Lz 1/ ]
|/ — V i
i/ licm 1
o — -
/ '/ t
/ ¥
/ v

FI1G. 6. Schematic of irradiation geometry of a 2-cm, 90°-stepped phantom
for a 9-MeV beam. The locations of the dose distribution measurements in
the principal transverse plane and in the plane 1 cm away from the step
and parallel to the principal radial plane are indicated by the dashed lines
on the isometric view.

the long axis of the triangular cylinder located at ¥ =0,
—1, —3cm; theplanesat Y= — 1cmand Y= — 3 cm
were 1 cm inside and outside the edge of the cylinder,
respectively, which provided data for testing the three-
dimensional nature of an algorithm’s heterogeneity correc-
tion. At 9 MeV, a BEV dose distribution was measured in
a solid water phantom at a depth of 2.8 cm from the phan-
tom surface. Using the 20-MeV beam, planar BEV dose
distributions were measured at depths of 3.1 and 6.1 cm. A
15X 15-cm applicator was used to ensure that the volume
of interest (i.e., where the dose distribution is perturbed by
the triangular cylinder) was not influenced by the beam’s
penumbra.

J. Experiment 10: Internal heterogeneity (1-D), lung

A major concern in chest wall irradiation is the pene-
tration of electrons into the lung. Since the lung has a
physical density of only about 0.3, after penetrating the
chest wall the remaining portion of the depth-dose curve
can penetrate three times deeper in lung than that in unit
density tissue. Hence, a slab phantom was designed to sim-
ulate the chest wall-lung geometry.
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F1G. 7. Schematic of irradiation geometry of a nose treatment measure-
ment for a 20-MeV beam. The locations of the BEV dose distribution
measurements at depths of 3.1 and 6.1 cm are indicated by the dashed
lines shown on the side view. The locations of the transverse dose distri-
bution measurements in the principal plane and in the planes 1 and 3 cm
away from the principal plane are indicated by the dashed lines on the
isometric view.

The measurement was performed with a 9 MeV, 15
X 15-cm electron field incident on the phantom, consisting
of a 3-cm solid water slab followed by a series of 1-cm thick
lung-substitute slabs (see Fig. 8). The solid water slab and
energy were selected to place the 90% depth dose at the
solid water—lung substitute interface. The depth dose was
measured every 1 cm along central axis.

K. Experiment 11: Internal heterogeneity (2-D), lung-
mediastinum interface

Conventional electron pencil beam algorithms become
less accurate for heterogeneity-unit density tissue interfaces
that are long and parallel to the beam.® This condition
often exists at the lateral border between lung and the
mediastinum. To simulate this patient geometry, a “‘semi-
infinite” slab of lung substitute was abutted on central axis
to “‘semi-infinite” slab of solid water; both slabs were cov-
ered by an additional 3-cm thick slab of solid water. The
irradiation geometry is diagrammed in Fig. 9. The internal
mammary chain is usually irradiated with an electron
beam energy in the range of 12-16 MeV; for this test a
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FIG. 8. Schematic of irradiation geometry of a series of 1-cm thick lung
slabs within a solid water phantom for a 9-MeV beam. The TLD place-
ment with respect to the central axis of the beam is illustrated on the
BEV.

20-MeV beam was used. BEV planar dose distributions
were measured at depths of 5 and 7 cm from the surface,
and a dose distribution was measured in a plane containing
the central axis and perpendicular to the established inter-
face in the solid water half of the phantom. Again, a 15
% 15-cm field size was selected to ensure that the portion of
the beam being studied was sufficiently inside the penum-
bra.

L. Experiment 12: Internal heterogeneity (2-D), hard
bone

Hard bones just below the patient’s skin surface can
perturb the dose distribution resulting from electron beam
irradiation. Irradiation through the mandible is the most
frequently encountered case clinically, although other hard
bones of the head, bones of the forearm or lower leg, and
the spinal column are also of interest. The primary effects
of hard bone on the dose distribution are twofold: (a) it
pulls the isodose contours beneath it back toward the sur-
face and (b) it generates volumes of increased/decreased
dose just outside/inside its lateral edge.%'3% This patient
geometry was simulated by a long bone slab 1-cm thick by
3-cm wide located 1 cm beneath the surface, since in this
case, we were interested in the dose distribution beneath
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FIG. 9. Schematic of irradiation geometry of a quarter-infinite slab of lung
within a solid water phantom for a 20-MeV beam. The locations of the
BEY dose distribution at depths of S and 7 cm are indicated by the dashed
lines shown on the side view. The location of the transverse planar dose
distribution measurement in the half principal plane in the electron solid
water measurements is indicated by the dashed lines illustrated on the
isometric view.

the bone. Dose distributions were measured beneath the
bone with both energies. The 20-MeV irradiation geometry
is shown in Fig. 10.

M. Experiment 13: internal heterogeneity (2-D), air
cavity

Air cavities just below patient’s skin surface can per-
turb the dose distribution resulting from electron beam
irradiation. This type of perturbation is most often encoun-
tered in electron irradiations of the neck with energies suf-
ficient to penetrate the trachea. The effect of a long cylin-
drical air cavity is twofold: (a) the isodose lines generated
beneath the air cavity become more penetrating, and (b)
the cavity consequently generates volumes of increased/
decreased dose just inside/outside its lateral edge.”® This
patient geometry was simulated by an air cavity (styro-
foam) 1-cm thick by 3-cm wide located 1 cm beneath the
surface. Dose distributions were measured below the air
cavity for both energies, as depicted in Fig. 10.

Medical Physics, Vol. 19, No. 3, May/June 1992

20 MeV

-

-
[4—————— {SSs wago) —b{

lcm
air cavity "3'17“" T

or SR4 bone l

I water

F1G. 10. Schematic of irradiation geometry of a long bone slab or a long
air cavity (1 cm thick by 3 cm wide) within a water phantom measure-
ment for a 20-MeV beam. The location of the principal plane that mea-
sured the transverse dose distribution beneath the bone slab or the air
cavity is indicated by the dashed-dotted lines on the BEV.

N. Experiment 14: Internal heterogeneity (3-D), ramus
of mandible

In treatment of head and neck cancers, the ramus of
the mandible is often within the treatment field. Because
this case does not meet the criterion of a “2-D heteroge-
neity” (i.e., not long in the dimension perpendicular to the
plane of calculation as was the case in Experiment 12), one
can expect a difference between a 2-D or 3-D
heterogeneity-corrected algorithm in the accuracy of dose
calculation to bone. The patient geometry for this test was
simulated by an L-shaped bone slab 1-cm thick by 3-cm
wide located 1 cm beneath the surface (Fig. 11). Axial
dose distributions on the central axis, and 1 cm to each side
of the edge of the “L” were supplemented with the usual
BEYV planar dose distributions.

IV. RESULTS AND DISCUSSION

The 14 experiments discussed in the text produced 78
planar dose distributions and 1 depth-dose curve. We have
grouped these experiments into four categories: (1) basic
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F1G. 11. Schematic of irradiation geometry of an L-shaped bone (ramus
of mandible) within a water phantom for a 20-MeV beam.The location of
the BEV dose distribution measurement at depth of 6.1 cm is indicated by
the dashed lines shown on the side view. The locations of the transverse
dose distributions measured beneath the L-shaped bone, 1 cm from either
side of the principal transverse plane was indicated by the dashed lines on
the BEV.

geometry, (2) field shaping, (3) oblique incidence and ir-
regular surfaces, and (4) heterogeneous phantoms. The
data generated from basic geometry were used by each of
three institutions to ensure that their pencil-beam algo-
rithms reproduced the central-axis depth doses exactly and
that the input data and beam parameters were chosen cor-
rectly. Then, the rest of the measured data were used to
evaluate the accuracy of the dose algorithm as a function of
position in the beam due to the effects of field shaping, the
beam incidence with respect to the patient surface, irregu-
lar patient surface, and internal inhomogeneous structures.
Comparison of algorithm calculations with this remaining
data set allowed members of ECWG to understand each of
their algorithm’s clinical applicability. Only selected re-
sults of the measured data set are shown in this paper;
however, plots of all 79 dose distributions are available to
accompany the magnetic tape distribution of data as well
as a basic description of beam characteristics and a general
guidance to the user with regard to extraction of algorith-
mic parameters from the data.
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FIG. 12. The planar isodose contours from the 20-MeV beam, 15X 15-cm
field at 100-cm SSD; (a) principal transverse plane, (b) transverse plane
2 cm away from beam edge, and (c) BEV at depth of 6.1 cm.

A. Basic geometry

Two measured isodose contour plots in a plane parallel
to central axis and the X axis (Y =0, Y = beam edge-2
cm = 5.5 cm) for a 20 MeV, 15X 15-cm field in water at a
100-cm SSD are illustrated in Fig. 12(a) and (b), respec-
tively (experimental setup illustrated in Fig. 1). The dot-
ted line in Fig. 12(a) marks the location of the off-axis
planar scan of Fig. 12(b) (where it is offset from the X axis
rather than the Y axis). Assuming X-Y symmetry, the
depth dose along the dotted line agrees well with the depth
dose at X = 0 in Fig. 12(b). The dashed line in Fig. 12(a)
shows the geometric treatment volume (defined by the pro-
jection of the light field edges and central-axis depth of
90% dose, Ryy), for comparison to the actual area of the
90% isodose curve (used typically as the treatment pre-
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FiG. 13. Comparison of isodose contours at 100 and 110-cm SSD for a
15% 15-cm, 20-MeV beam. Each dose distributions is normalized to its
own maximum dose along central axis.

scription isodose line). Particularly on Fig. 12(b), which
shows a dose distribution obtained 2 cm from the field
edge, one can note that the 90% isodose line is “pulled
back” such that a region of decreased dose occurs in the
corners of the geometric treatment volume. In both dose
distributions, the spreading of the 5% isodose contour near
the surface indicates that dose outside the penumbra is due
to leakage of primary electrons through the collimator
walls. Figure 12(c) shows the BEV planar dose distribu-
tion at 6.1-cm depth for the 15X 15-cm applicator at 20
MeV to illustrate the penumbra, flatness, and behavior
near the corners of the applicator. These three dose distri-
butions plus the BEV dose distributions near the surface
(plot not shown) should provide the fundamental data to
evaluate any algorithm’s ability to predict the dose distri-
bution in a water phantom at the standard SSD.

Comparison of planar dose distributions, each normal-
ized to its central axis maximum, at 100- and 110-cm SSD
for a 15X 15-cm, 20-MeV electron beam is depicted in Fig.
13. These data demonstrate little difference in relative dose
along the central axis of the beam, but show both increased
width and penumbra for the 110-cm SSD because of the
increased air gap. Although not present for the geometry in
Fig. 13, there can be a significant difference in the depth
dose at an extended SSD if applicator scatter contributes
significantly to the dose distribution at the nominal SSD
(100 cm). This is seen on the comparison of the percent
depth dose curves at 100- and 110-cm SSD for a 6 X 6-cm
open applicator, 20-MeV electron beam [Fig. 14(a)], again
both normalized to their individual maximum. Note, for
example, how the decrease in scattered electrons for the
110-cm geometry results in a decrease in the surface dose,
a more uniform depth dose, and a deeper Ry, Conse-
quently, the therapeutic portion of the beam (within 90%
isodose contour) is much larger and deeper for the 110-cm
geometry as compared to that of the 100-cm geometry and
is shown on Fig. 14(b).

B. Field shaping

The BEV dose distribution at 20 MeV for the “house
block” inserted into the 15X 15-cm applicator and mea-
sured at a depth of 6.1 cm (R, for the open applicator) is
shown in Fig. 15 (experimental setup illustrated in Fig. 2).
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FiG. 14. Comparison of (a) central-axis depth-dose curves and (b) iso-
dose contours at 100- and 110-cm SSD for a 6 X 6-cm applicator, 20-MeV
beam.

The data demonstrate a very small area within the 85%
isodose contour as compared with the geometric area out-
lined by the light field. Side-scatter equilibrium does not
exist in the “chimney” and “roof” areas of the “house
block” field. The dose gradient varies from 85% to 20%
within the geometric area. This result emphasizes the ne-
cessity of 3-D treatment planning to ensure that the desired
target volume is enclosed by the therapeutic portion of the
beam.

The central plane dose distribution for a 5-cm diameter
field, 9-MeV beam measured at a 97-cm SSD, is shown in
Fig. 16. A 7-mm-thick lead, 1-cm diameter lens block was
placed in the center of the circular insert (experimental
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F1G. 15. The BEV dose distribution at depth of 6.1 cm for the 20-MeV
beam, 15X 15-cm applicator with the “house block” insert.

setup illustrated in Fig. 4). The dose distribution demon-
strates that the multiple Coulomb scattering of electrons,
as they enter the phantom, accounts for the “fill-in” of dose
behind the lens block at depth.

C. Oblique incidence and irregular patient surfaces

Figure 17 documents a measured dose distribution for
a 30° oblique incidence, 20-MeV electron beam set at SSD
of 104.3 cm (experimental setup illustrated in Fig. 5). This
plot shows the change in the penumbra and depth dose due
to angulation of electron beam. Penumbral width is less in

Z (cm)
-}
l
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FIG. 16. Dose distribution for a 5-cm diameter circular field with a lens

block (lead) placed at the center of the field; 9-MeV beam at 97-cm SSD;
95-cm source to lens block distance.
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F1G. 17. Isodose contours for the 15X 15-cm, 20-MeV beam for a 30°
oblique incidence.

the region of the surface with the lesser air gap. In general,
the depth dose is affected in three ways: (1) dose increases
near the surface, (2) the therapeutic depth (Rgy) de-
creases, and (3) the practical range (Rp) increases.

The data displayed in Fig. 18 illustrate the effect of the
“nose” phantom (experimental setup illustrated in Fig. 6).
The measured dose distribution in a plane parallel to the
central axis and perpendicular to the long axis of the tri-
angular “nose” located at ¥ = 0.0 is shown in Fig. 18(a).
Areas of increased dose (hot spots) are located inferior

i
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FiG. 18. The 20-MeV beam’s dose distributions (a) for the principal
transverse plane located perpendicular to the long axis of the triangular
cylinder (nose) and (b) for the BEV plane located at a depth of 3.1 cm.
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FIG. 19. A transverse plane dose distribution beneath a 1-cm thick air
cavity (styrofoam) located at depth of 1 cm from the surface of water
phantom (20-MeV beam, 15X 15-cm field, 100-cm SSD).

and lateral to the nose and the corresponding areas of de-
creased dose (cold spots) are beneath the nose. The mea-
sured BEV plane dose distribution for 20-MeV electrons at
depth of 3.1 cm is shown in Fig. 18(b).

D. Heterogeneous phantom

For a 20-MeV beam, isodose curves measured in water
behind a 1-cm thick air cavity (styrofoam) with the prox-
imal surface situated at a depth of 1 cm from the surface of
water (experimental setup illustrated in Fig. 10) are plot-
ted in Fig. 19. Behind the lateral edges of the air cavity, the
dose is increased inside the lateral edges and decreased
outside because less electrons are scattered out by the air
than are scattered in by the water.

The measurements beneath the 3-D (L-shaped) bone
phantom (experimental setup illustrated in Fig. 11) pro-
vide valuable data to evaluate an algorithm’s ability to pre-
dict the dose beneath a 3-D inhomogeneity. The dose dis-
tribution measured in a plane 1-cm away from the central
axis of the beam and cutting through the shorter width of
the bone is illustrated in Fig. 20(a). The dose enhancement
due to adjacent bone 1 cm outside the plane of calculation
is very pronounced in this distribution. Figure 20(b) is the
BEYV dose distribution at a depth of 6.1 cm. These data
illustrate in the two lateral dimensions the areas of
increased/decreased dose just outside/inside the edges of
the bone.

V. SUMMARY

This article presents a set of measured electron beam
dose distributions designed for extensive electron beam
dose algorithm verification. In contrast to some earlier sets
of measurements, the experiments reported here were de-
signed to simulate a number of common electron beam
dosimetry issues that arise during routine electron beam
treatment and treatment planning. The effects of energy,
field size, field shaping, SSD, irregular patient surfaces, and
inhomogeneities (1-D, 2-D, and 3-D) have all been stud-
ied.

This data set was designed, measured, and analyzed by
the three members of the ECWG. As part of the work of
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FiG. 20. For the 20-MeV beam, 15X 15-cm field, 100-cm SSD, the dose
distributions beneath a 1-cm thick L-shaped bone located (a) in a trans-
verse plane 1 cm away from the central axis of the beam, cutting through
the shorter width of the bone, and (b) in a BEV plane at a depth of 6.1
cm.
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the ECWG, the measured data set has been transferred
electronically to all three institutions, and then used by
each in their electron dose algorithm studies. It has pro-
vided sufficient measured data for comparison with calcu-
lations from a wide variety of electron beam algorithms for
the purpose of evaluating their clinical applicability. In
order to accomplish this cooperative work, the measure-
ments and computerized data set were carefully set up,
analyzed, and documented. As the transfer mechanisms
have already been tested by the three groups, the ECWG
decided to make this data set available to interested insti-
tutions, both on paper and on magnetic tape. The distri-
bution of these data should be useful to a wide audience of
professionals, who are developing an electron beam algo-
rithm or implementing them into treatment planning sys-
tems.
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