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Abstract

Aim: To create practical lookup tables containing percent depth dose (PDD) and profile parameters of
electron beams and to demonstrate clinical application of the lookup tables to skin cancer treatment to
ensure target coverage in a clinical setup.

Materials and methods: For 6 and 9 MeV electron energies, PDDs and profiles at clinically relevant depths [i.e.,
R95 (distal depth of 95% maximum dose), R90, R85 and R80] were measured in water at 100 cm source-to-
surface distance for an 10 x 10 cm? open field and circular cutouts with diameters of 4, 5, 6, 7 and 8 cm. Then
PDD parameters along with profile parameters such as width of isodose lines and penumbra at the clinically
relevant depths were determined. Output factors for the cutouts were measured at dmax in water and solid water.

Results: With PDD and profile parameters, dosimetry lookup tables were generated. Based upon the lookup
tables, target coverage at prescribed depths was retrospectively reviewed for three skin cancer cases. The
lookup tables suggested larger cutouts for adequate target coverage.

Findings: Dosimetry lookup tables for electron beam therapy should include profile parameters at clinically
relevant depths and be provided to clinicians to ensure target coverage in a clinical setup.
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INTRODUCTION brachytherapy using either a low energy X-ray
source (i.e., electronic brachytherapy) or a radio-

There are several radiation therapy options avail- )1, Jide has been prevailing. On the other hand, for

able to treat superficial lesions. In treatment of
lesions <5mm in depth, kilovoltage X-ray units
were used and recently, high dose rate
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deeper lesions (>5mm in depth) such as localised
skin cancer or boost volumes of breast or head and
neck, electron beam therapy is a common option.'

One approach to planning an electron beam
treatment is to identify a target volume and to
perform dose calculation on three-dimensional
(3D) computed tomography (CT) images in a
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treatment planning system (TPS). Currently,
most commercial TPSs use a pencil beam (PB)
algorithm for electron dose calculation but PB
algorithms are considered inaccurate for
inhomogeneous tissues.” In contrast, stochastic
algorithms such as a voxel-based Monte Carlo
(MC) algorithm and a macro MC method show a
great agreement with measurement, and have
been implemented in commercial TPSs.*™ In
treatment planning for electron beam therapy,
energy and field size are usually chosen such that
the target volume is encompassed within 90% of
the prescribed dose or any other appropriate
minimum dose.” The aimed target coverage can
be ensured in accurately calculated 3D dose dis-
tributions. However, a stochastic dose calculation
algorithm is not available in most clinics and those
clinics, instead, use the approach to prescribing a
treatment based on electron beam data in a clinical
setup without 3D planning CT images.

Yet, target coverage in a clinical setup is not
necessarily guaranteed. In current clinical prac-
tice of a clinical setup for skin cancer treatment,
percent depth dose (PDD) curves are mainly used
to determine electron beam energy and a pre-
scribed depth. Field size is usually selected based
on the size of a lesion on skin surface with an
appropriate margin. For small or irregular shaped
cutouts, output factors are measured and used for
monitor unit (MU) calculations to take into
account the change of dose at the central axis. On
the other hand, isodose distribution and
penumbra characteristics from profiles at the
depth of interest, usually clinically relevant
depths [i.e., R95 (distal depth of 95% maximum
dose), R90, R85 and R80], are neglected and
target coverage at those depths is not considered.

In low energy electron beams for skin cancer
treatment, the surface dose is quite lower than
maximum dose and thus, a tissue equivalent
material such as bolus is commonly used to
increase skin dose and consequently, to achieve
target coverage in the treating lesion.”” For
example, at 6 MeV electron energy, the surface
dose, defined at 0-5-mm depth on the central axis,
usually ranges between 70 and 80% of maximum
dose for 10 X 10 cm? field size at 100 cm source-
to-surface distance (SSD).>”~” With 0-5 ¢cm bolus,
the surface dose can be increased by >10% for the
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same energy.z’7 To encompass a target volume
within 90% isodose surface, therefore, bolus
thickness should be considered in the selection of
electron beam energy.

In this study, practical dosimetry lookup tables
of electron beam PDDs and profiles were gener-
ated to ensure 3D target coverage in a clinical
setup. Clinical application of these lookup tables
was demonstrated for three skin cancer cases.

METHODS

Dosimetry lookup tables

Dosimetry lookup tables of electron beams for
circular cutouts were created to treat relatively
small lesions between 0-5 and 25 ¢cm in depth in
a standard SSD setup. First, PDD curves of 6 and
9MeV electron beams were measured in water
for a 10 >< 10 cm” open field at 100 cm SSD on
Trilogy '™ (Varian Medical System Inc., Palo
Alto, CA, USA). Measurements were repeated
for five cerrobend circular cutouts with diameters
of 8,7, 6,5 and 4cm in the 10 X 10 cm? appli-
cator. From the PDD data, dmax and four clini-
cally relevant depths (R95, R90, R85 and R80)
were determined for the 10 X 10 cm” open field
and each cutout. Second, cross-plane and in-
plane profiles of 6 and 9 MeV electron beams
were measured at the four clinically relevant
depths. The cross-plane and in-plane are defined
as the planes along a direction perpendicular to
and parallel to the treatment couch, respec-
tively.'” The width of isodose lines (IDLs) from
profiles at the four depths was determined.
Moreover, penumbra defined as the distance
between 20 and 80% of maximum intensity
was determined from each profile. The width of
IDLs and penumbra were mean values taken
from cross-plane and in-plane profiles at each
depth. Lastly, at both electron energies, output
factors for the five cutouts were measured in
water as well as in solid water at dmax deter-
mined from the PDD curve for each cutout.

Case reviews

Clinical case reviews for skin cancer treatment
were performed. Among skin cancer patients
treated using electron beams in our institution,
three patients who had suspicious inadequate
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target coverage were selected. For these three
cases, detailed information of treatment such as
type of tumour, tumour dimensions, prescribed
dose, prescribed depth, energy, cutout size and
bolus thickness were reviewed, and target cov-
erage at the prescribed depths was evaluated
based on dosimetry lookup tables created in
this study.

RESULTS

Dosimetry lookup tables

Dosimetry lookup tables created from electron
beam data and cutout factors are shown in
Tables 1—4. Table 1 lists PDD parameters (dmax,
R95, R90, R85, R80, R50 and Rp) for the
10 X 10 cm” open field and five circular cutouts
for 6 and 9 MeV electron energies. Tables 2 and 3
list the width of IDLs and penumbra at four
clinically relevant depths (R95, R90, R85 and
R80), respectively. Table 4 shows output factors
for the five cutouts measured in water and in
solid water.

Case reviews

For each clinical case, actual treatment and
suggestion on target coverage based on the dosi-
metry lookup tables (Tables 1-3) are presented.
All the patients were treated with a 6 MeV

Table 1. Percent depth dose parameters (in centimeters) for a
10x 10 cm® open field and five circular cutouts for 6 and 9 MelV

Circular cutout diameter (cm)

10 x 10 cm?

Depth open 8 7 6 5 4

6 MeV
dmax 1-15 1-16 1-16 1-16 1-16 1-10
R95 1-49 1-49 150 149 148 144
R90 1-61 162 163 162 1-62 1.59
R85 1.72 1.72 1.72 173 1.72 1-69
R80 1-80 180 180 1.81 1.80 1.78
R50 2-21 2-21 2-21 2-21 2-21 2-20
Rp 2-81 2-82 281 281 281 282

9 MeV
dmax 1-94 1-95 1-95 1-93 1-85 1-58
R95 2-45 2-45  2:45 244 238 219
R90 2:64 2:63 2:64 263 259 242
R85 2-78 2-78 2:79 278 275 260
R80 2:91 2290 291 290 287 275
R50 3-47 347  3-47  3-47 345  3:40
Rp 4-29 430 429 430 431  4.35
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electron beam at 100 cm SSD in a clinical setup.
Output factors measured in solid water at dmax
determined from PDD data for the 10 X 10 cm®
open field were used for MU calculations.

Case no. 1

Treatment. Figure 1 shows squamous cell
carcinoma (non-melanocytic skin cancer) with
the largest dimension of 3 cm in scalp. A 4cm
circular cutout was selected, allowing for an
about 0-5cm lateral margin surrounding the
lesion. A prescribed dose was 30Gy in 5
fractions and 90% IDL was selected to treat the
lesion up to 1cm in depth from skin surface
with 0-5cm bolus. This prescription was based
on PDD data for the 10X 10cm? open field

Table 2. Width of isodose lines (IDLs) (in centimeters) at clinically
relevant depths for 6 and 9 Mel/

Circular cutout diameter

10 x 10 cm? (cm)
Depth (width) open 8 7 6 5 4
6 MeV
R95 (95% IDL) 7-39 5-35 4-26 3-16 2-11 1-42
R90 (90% IDL) 8-12 5-97 4-90 3-78 2-71 1-89
R85 (85% IDL) 8-53 6-39 5-31 4-21 3-11 2-24
R80 (80% IDL) 8-86 6-71 5-63 4-54 3-44 2-52
9 MeV
R95 (95% IDL) 7-28 4-88 3-76 2-75 1-94 1-50
R90 (90% IDL) 7-96 5-62 4-50 3-43 2-52 1-92
R85 (85% IDL) 8:41 6-09 4-97 3-88 2-92 2.23
R80 (80% IDL) 8-76 6-45 5-34 4-25 3-25 2-52

Table 3. Penumbra (in centimeters) at clinically relevant depths for
6 and 9 Mel”

Circular cutout diameter

10 x 10 cm? (cm)
Depth (width) open 8 7 6 5 4
6 MeV
R95 (95% IDL) 1-31 1-30 1-31 1.32 1-33 1-26
R90 (90% IDL) 1-34 1-.35 1.35 1.36 1-38 1-31
R85 (85% IDL)  1-37 1-37 138 1-39 1:41 135
R80 (80% IDL)  1-39 139 139 1.41 1.42 137
9 MeV
R95 (95% IDL) 1.52 1.563 1.53 1-53 148 1.31
R90 (90% IDL) 1-59 1.61 1-.62 1-62 1-57 141
R85 (85% IDL) 1-64 1.66 167 1-67 1-63 148
R80 (80% IDL)  1-67 1.70 1.70 1.70 1-67 1.52

Note: Penumbra is defined as the distance between 20 and 80% of max-
imum intensity.
Abbreviation: IDL, isodose line.
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Table 4. Output factors for five circular cutouts measured at dmax in water and in solid water at 6 and 9 Mel/

Circular cutout diameter (cm)

Energy (MeV) 10x10cm?open 8 7 6 5 4
Water (dmax for each cutout)
6 1 1.011 1-010 1.008 0-995 0-961
9 1 1.007 1-007 0-999 0-979 0-937
Solid water (dmax for each cutout)
6 1 1-007 1-008 1-003 0-984 0-934
9 1 1-006 1-005 0-994  0-965 0-918
Solid water (dmax for 10 x 10 cm? open)
6 1 1-007 1-008 1-003 0-984 0-934
9 1 1-006 1-003 0-992 0-964 0-906

Figure 1. Squamous cell carcinoma in scalp treated with a 4-cm
circular cutout using a 6 Mel/ electron beam.

(Table 1) without taking into account isodose
distributions at the depth of R90.

Lookup table suggestion. For the 4 cm cutout,
the depth covered by 90% IDL is 1-59 cm
(Table 1), the width of 90% IDL at R90 is
1:-89 cm (Table 2) and penumbra at R90 is
1-:31 cm (Table 3). Hence, the treatment depth
of 1-5cm (1 cm of the lesion + 0-5 cm of bolus)
1s fully covered by 90% IDL. However, at R90,
the target including a 0-5 cm margin (i.e., 4cm
circular shape) is not fully encompassed within
90% IDL. To cover the target sufficiently at
R90, a cutout with at least a 7-cm diameter
should be used (Table 2).

Case #2

Treatment. A patient who had basal cell
carcinoma (non-melanocytic skin cancer) of
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3cm in length and 1 cm in depth in left cheek
was treated with 66Gy in 33 fractions
prescribed at 95% IDL. A 5cm circular cutout
and 0-5 cm bolus were used.

Lookup table suggestion. For the 5cm circular
cutout, the depth covered by 95% IDL is
1-48 cm (Table 1), the width of 95% IDL at
R95 is 2:11 cm (Table 2) and penumbra at R95
is 1:33 cm (Table 3). Thus, the treatment depth
of 1:5cm (1 cm of the lesion + 0-5 cm of bolus)
1s marginally covered by 95% IDL. In addition,
the target including a 0-5 cm margin (i.e., 4 cm
circular shape) is not fully enclosed by 95% IDL
at the depth of R95. For sufficient target
coverage at R95, a cutout with at least a 7 cm
diameter should be used (Table 2).

Case no. 3

Treatment. A mycosis fungoides patient who
had the largest dimension of 5cm in left orbit
was treated with 20Gy in 10 fractions
prescribed at 80% IDL. The lesion was about
1-:3cm in depth from skin surface. A 6cm
circular cutout and 0-5 cm bolus were used.

Lookup table suggestion. For the 6 cm cutout,
the depth enclosed by 80% IDL is 1-81cm
(Table 1), the width of 80% IDL at R80 is
4-54cm (Table 2) and penumbra at R80 is
1-41ecm (Table 3). Therefore, the treatment
depth of 1-8cm (1-3cm of the lesion + 0-5cm
of bolus) is enclosed by 80% IDL but the target
with a 0-5cm margin (i.e., 6 cm circular shape)
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is not fully encompassed within 80% IDL at
R80. A cutout with at least an 8-cm diameter

should be used (Table 2).

DISCUSSION

Current clinical practice of a clinical setup for
electron beam therapy poses a challenge in
ensuring target coverage. In a clinical setup for
skin cancer treatment, IDL-based prescription is
fairly common to deliver a prescribed dose or

higher between skin surface and the depth of
interest. As shown in the clinical case reviews
performed in this study, however, conventional
prescription based on PDD data only does not
guarantee adequate target coverage at the
prescribed depth. For all the reviewed cases,
relatively small cutout sizes (4—6 cm) were used,
and even the longest dimensions of gross tumour
volumes (GTVs) were not fully covered by pre-
scribed IDLs and part of the GTVs fell into
penumbra regions (Figure 2). In general, the
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Figure 2. Width of isodose lines (IDLs) and penumbra at clinically relevant depths for a 4 cm cutout for (a) 6 Mel” and (b) 9 MeV/.
The area enclosed by an IDL is the region to receive the prescribed dose or higher.
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region encompassed by 80-90% IDLs is sig-
nificantly narrower than the volume enclosed by
the geometric field size defined by an electron
cone or applicator due to reduction of lateral
scatter.’ This effect becomes prominent for small
fields because the degree of electronic eq1uili—
brium decreases with decreasing field size."*'" In
addition, the width of IDLs decreases as depth
becomes shallower because a higher IDL at a
shallower depth encloses a smaller volume
(Table 2 and Figure 2). Therefore, PDD data are
not sufficient to ensure target coverage at the
depth of interest.

Dosimetry lookup tables for a clinical setup
should contain profile parameters as well as PDD
parameters. The American Association of Physi-
cists in Medicine Task Group 70 recommends
that outputs, central axis PDDs and profiles at
dmax as well as at a clinically relevant depth be
measured to ensure adequate tumour coverage
especially for small and restricted fields.” It would
be cumbersome to measure PDDs and profiles
for each customised cutout. However, circular
cutouts are commonly used for skin cancer
electron therapy and therefore, outputs, PDDs
and profiles at depths such as R80 and R90 for
circular cutouts are usually measured during
electron beam commissioning.'> Nevertheless,
dosimetry lookup tables commonly used for a
clinical setup usually contain PDD parameters
and output factors for standard field sizes, but do
not include profile parameters. The generation of
profile parameters at clinically relevant depths
from commissioning data would not be a difficult
task and lookup tables containing profile para-
meters can be converted to graphs (Figure 2)
which are also conveniently used in clinic. As
profiles at all clinically relevant depths or profiles
at all extended SSDs are not necessarily acquired
during electron beam commissioning, >'> addi-
tional data might need to be acquired if necessary.

Output factors measured in water at dmax
determined for each cutout need to be included in
dosimetry lookup tables. In current clinical prac-
tice, output factors are usually measured in solid
water at dmax determined for a reference open
field (e.g., 10 X 10 cm?). In this study, first, output
factors measured in water at dmax for each cutout
were compared with those measured in solid
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water at dmax for each cutout. Output factors in
water were higher than those in solid water but
the difference was <3% (Table 4). Although the
difference was <0-5% for cutout size >6cm at
both energies, the differences were increased to
1:1% (6 MeV) and 1:4% (9 MeV) for the 5cm
cutout, and 2:8% (6 MeV) and 2-:0% (9 MeV) for
the 4 cm cutout. Second, output factors measured
in solid water at dmax for each cutout were
compared with those measured in solid water at
dmax for the 10 X 10 cm® open field. At 6 MeV,
the change of dmax was <1 mm for all the cutouts
(Table 1) and thus, the output factors measured at
dmax for the 10X 10cm” open field were the
same as those at dmax for each cutout (Table 4).
At 9MeV, the change of dmax was <1 mm for
the cutouts >5 cm but dmax shifted towards the
surface by 3-6 mm for the 4 cm cutout (Table 1).
Hence, output factors differed by <0-2% for the
cutouts >5 cm, whereas for the 4 cm cutout, the
difference was 1:3% (0-918 versus 0-906 in
Table 4). When the output factor (0-937) mea-
sured in water at dmax for the 4 cm cutout was
compared with that (0-906) measured in solid
water at dmax for the 10 X 10 cm” open field, the
difference was larger (3-:3%) (Table 4). As a rule of
thumb, the minimum radius of a circular field to
achieve lateral scatter equilibrium within 2% at
all depths is 0.88\/E:0 where Ej (mean energy in
MeV at the surface of the phantom) is
Ey=0.656+2.059Rs0+ 0.022RZ, and Rs, (cm)
is the depth of 50% maximum dose.>'* From
R50 data in Table 1, the mean energies at surface
for 6 and 9MeV are 5-3 and 8-1 MeV, respec-
tively, and the corresponding minimum radii
(diameters) to achieve lateral scatter equilibrium
are about 2 cm (4 ¢cm) and 2-5 cm (5 cm). If small
cutouts (<4 cm at 6 MeV and <5 cm at 9 MeV)
are used, therefore, caution should be taken in
prescribing a treatment using PDD data and in
measuring output factors. The best clinical prac-
tice would be to measure output factors in water
at dmax determined for each cutout during elec-
tron beam commissioning, to generate lookup
tables and to use them for MU calculations.

Lookup tables containing PDD and profile
parameters should be provided to clinicians. The
lookup tables will allow clinicians to prescribe a
treatment correctly, to accurately determine
clinically useful field width at the depth of
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interest for a clinical setup, and consequently, to
ensure 3D target coverage. Especially the clinics,
which do not have a stochastic dose calculation
algorithm and prefer a clinical setup without 3D
dose calculations, will benefit from these simple
and practical dosimetry lookup tables.

CONCLUSIONS

Retrospective case reviews on skin cancer
electron therapy revealed that current clinical
practice using PDD data only in prescribing a
treatment for a clinical setup does not guarantee
adequate target coverage on the transverse plane
at the depth of'interest. To ensure target coverage
in a clinical setup without an accurate 3D dose
calculation algorithm, isodose distribution and
penumbra characteristics from profiles at clini-
cally relevant depths (R95-R80) should be
included in dosimetry lookup tables.
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