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Background and purpose: This study describes our experience in clinical application of the virtual wedge (VW),
including VW angles verification, wedge factors, percentage depth doses and profiles.

Methods: We used a Wellhofer IC15 0.13cm” ion chamber, a CUSO0E 6177 electrometer, and a 48 x 48 x 40 cm’ wa-
ter phantom.  An ion chamber array detector (CA24, Wellhtfer Dosimetrie) was employed to measure the profiles.
Simultaneously controlling the movement of one of the upper collimator jaws and varying the dose rate during irradia-
tion created the virtual wedge. This procedure produced a dose profile comparable to that achieved from a physical
wedge (PW).

Results: The measured wedge angles were consistent with the machine setup angles to within 1°. All wedge factors of
the VW were equal to 1.0 within 1%, except for 60° wedges for 20x20 to 24x24 cm’ field sizes where they deviated
by 2-3%. The percentage depth doses (PDD) of VW were closer to those of an open field.

Conclusion: VWs are more flexible than PWs. and they have practical and dosimetric advantages. VWs are more
convenient for treatment setup, and they have various arbitrary angles. VWs are a positive replacement for PWs.
(Changhua J Med 2003;8:87-97)
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With the development of computer control tech-
Introduction nique, collimator jaws can be moved during irradiation,
which permits the virtual simulation of PW profile pos-
sible. Notably, Kijewski et al. first proposed this concept
[1]. This technique does not require handling of PWs,
which therefore facilitates accurate and faster treatment.
Subsequently, dynamic wedge (DW) [2,3] and virtual
wedge (VW) [4,5] were proposed. They are both com-
puter-controlled modalities that generate wedge-shaped
profiles through the synchronization of dynamic jaw
motion with dose output.

However, VW differs from DW in two major as-
pects. First, during treatment, the moving jaw closes and
then fully opens, as the dose is delivered. Second, the
jaw moves at a constant speed while the dose rate is
modified as a function of time. The dose rate is varied

Wedge-shaped isodose distributions have important
roles in clinical radiotherapy. They are used to optimize
treatment in conditions such as sloped patient surfaces
and irregularly shaped tumor volume. These distribu-
tions were developed using different methods. One
common method was to place a lead attenuator, or a
physical wedge (PW), in the x-ray beam path. Although
this approach has several limitations, PWs are simple to
implement in clinical practice. However, they are lim-
ited to field size and available wedge angles. Often only
four types are typically available. As a result, of the high
density and atomic number of the materials used for
physical wedges, they are heavy and create additional . . . )
low energy electrons}:md photor)ll scatters. Furthermore, according to the following equations [S]:
treatment time is increased because of the diminished MU (x) = MU (0) exp( —px tan 8) (D
primary beam intensity and time required for installation dMU

and removal. “—dt-‘ = vMU (0)u tan B exp(—|ix tan 0) (2)
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where MU(x) is the number of monitor unit (MU)
that is given while a point at position x is irradiated.
Then, MU(0) is the number of MU at x = 0 and is also
the number of MUs that were entered at the machine
console. As well, @ is the desired wedge angle, vis the
speed of moving jaw and # is the effective attenuation
coefficient of the beam.

VW has advantages over PW. VW eliminates the
potential hazard to patients of a dropped wedge, and
VW has a wide and continuously variable wedge angle,
typically from 15 to 60 degrees.

In this study, the data required prior to clinical ap-
plication of the VW, including VW angles verification,
wedge factors, percentage depth doses and profiles, are
described. In addition, clinical cases that used the VW
wedge technique in their treatment plans are presented.
Finally, several relevant changes in comparison to PWs
are presented.

Materials and Methods

We used a dual energy (6 and 15MV photons) Sie-
mens PRIMUS3008 linear accelerator that has both the
PW and VW, which moves dynamically through two
upper jaws during treatment. Accelerator control soft-
ware that was designed according to Equation (2) pro-
vided the coordinated movement of an upper jaw and
varying output to create wedge-shaped profiles. In
order to use VW in the clinic, wedge angles, wedge fac-
tors (WFs), percentage depth doses (PDDs) and profiles
were measured using a 0.13 cm® ion chamber (IC15,
Wellhofer Dosimetrie) and an electrometer (CUSOOE
6177) in a 48 x 48 x 40 cm’ water phantom. An ion
chamber array detector (CA24, Wellhsfer Dosimetrie)
was used to measure the profiles.

Virtual wedge angles

Effective attenuation coefficient in Equations (1)
and (2) varies as a function of energy. A default effective
attenuation coefficient, gy, was required for each en-
ergy when implementing VW. A calibration factor, c,
was used to adjust effective attenuation coefficient. Ac-
cordingly, f.s was multiplied by ¢ factor and produced
1 = ¢ X My Furthermore, by adjusting the ¢ factor, the
VW angle was modified to achieve calibration.

According to Siemens acceptance test procedure,
measurement of only four points were required to de-
termine the wedge angle. These points consist of two
points along a beam profile taken at {0 cm depth and
two central axis points taken at 9 and 11 cm depths. Af-
ter measuring the four points, the wedge angle was cal-
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culated as follows:
(Ip,~-D,|/1ad
|D, - D, |/2

where D, and D, are integrated doses at points p
and g, respectively. Points p and q are the off-axis point
at 10 cm depth. The values are F/4 cm for 15 and 30°
wedge angles and F/6 cm for 45 and 60° ones. F is the
field size. Dy and D, are integrated doses at 9 and 11 cm
depth on the central axis, respectively.

To determine the wedge angle for the specified
field size and Equation (3), profiles were measured for
15°, 30°, 45°, and 60° wedge angles for 20 x 20 cm’
tield size at the source to surface distance (SSD) of 90
cm. The calculated wedge angles were compared with
the machine setup angles.

wedge angle = tan”~ 3)

Wedge factors

According to Equation (1), the output factors of the
VW at the central axis were identical to those of the
open field in the same field size. This is because the
MUs delivered at the position are identical. Moreover,
the WF is the dose ratio of the wedge field to the corre-
sponding open field. Therefore, in theory, WF of VW
will be close to unity within all field sizes.

To verify this, the relationship of WF, which is de-
pendent on energy, wedge angle and field setting in the
wedge direction was determined. Field sizes varied from
4 x 4 to 25 x 25 cm’. The reference point at the central
axis was SSD 100 cm and had a 5 cm and 10 cm depth
for 6 MV and 15 MV, respectively. The data were meas-
ured with both the VW and the PW.

In order to observe the WF increments within
various field sizes, all measurements were normalized to
the reference field size of 10 x 10 cm®. At a given depth,
d, the WFs for various field sizes, A, were compared to
that determined for the reference field size. A field
size-normalized relative wedge factor (RWF,) for vari-
ous field sizes, A, was defined as

RWF, = WF(d, A) / WF(d, 10x10) 4)

where RWF, provides a direct measure of the field
size that is dependent of the WF at a given depth to that
determined for a 10 x 10 cm” field size.

Percentage depth doses

The water phantom and ionization chamber were
used to measure the open, virtual and physical wedge
PDDs. The field sizes were 5 X 5, 10 x 10 and 20 x 20
cm’. However, to measure the PDD at various depths,
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the ion chamber used for VW was in "gradient depend-
ent" scan mode, not "continuous scan mode" for hoth
the open and PW.

Profiles

To measure profiles and dose of the VWs or DWs,
a dosimeter must remain static. Point measurement from
an ion chamber provides the most accurate dose distri-
bution. However, this procedure is very time-consuming
because the dose at each measurement point must be
obtained by integrating dose during the entire exposure.

A CA24 ion chamber array detector and a water
phantom were used to obtain wedge profiles. Dose pro-
file measurements for nonphysical wedges with the
CA24 ion chamber array detector have been reported [6].
The chamber array detector has 23 ion chambers that are
spaced 2.0 cm apart in a linear fashion. It also has an
additional reference chamber that Wellhdfer control
software (WP700) and hardware propels, and can be
moved precisely in three dimensions in the water phan-
tom. Profiles are measured along the chamber array axis,
i.e. the axis along which all the chambers are aligned.
Shifting the entire chamber array to a specific spacing
produces spatial resolution that is finer than the 2.0 cm
chamber-to-chamber distance along this direction. Data
presented herein were measured with a spacing of 5
mm.

Profiles were measured at the depth of maximum
dose (dmay)s 5. 10, and 20 cm depths in both VW5 and
PWs using the chamber array for 20 x 20 cm’ field at
wedge angles of 15° to 60°. All profiles were normal-
ized to the measured central-axis value at d,,,. Compare
profiles with VW and PW.

Treatment plan

Except TMS (Helax AB, Sewden) and Pinnacle’
(ADAC, CA), most treatment planning systems model
VW identically to PW. Therefore, a treatment planning
system may not be equipped to model an arbitrary
wedge angle. In this study, Pinnacle® was used and the
modeling of the wedged beam profiles can assume
various forms with VW, which are independent of PW.

To use VW clinically, the Pinnacle® treatment plan-
ning system was applied. During VW implementation,
default parameters were provided, which could be de-
fined during the radiotherapy treatment planning system
commissioning process of VW. These include machine
type, wedge orientation, jaw speed, jaw ranges, beam
energy, effective linear attenuation coefficient (1), ¢
factor, dose rate ranges as well as any desired WFs. The
Convolution/Superposition algorithm was used to cal- *
culate three-dimensional dose distributions with a 0.25
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cm resolution. Common axes and scales superimposed
both the calculated and measured profiles, which were
compared.

Clinical treatment plans (physical versus virtual
wedges) were compared for a larynx cancer patient. The
plan had four fields with directions of 45°, 90°, 270°,
and 315°, respectively. The relative beam weighting was
3: 2: 2: 3 to the four beams, respectively. In addition,
30° wedges were used for the 45° and 315° beams. An
additional VW plan was applied to the same patient and
40° VW was used.

Results

Virtual wedge angles

After adjusting the ¢ factors, the measured wedge
angles were consistent with the machine setup angles
with an error within 1°, except for 6 MV and 15 MV,
which were 30 and 15 wedge degrees, respectively (Ta-
ble 1).

Table 1. Comparison of wedge angles between machine
setup and the calculated values.

oMV 15MV

Machine setup ~ Calculated Deviation ~ Calculated Deviation

angle(deg)  value(deg) (deg) value(deg) (deg)
15 1427 0.73 13.68 -1.32
30 A9+ 29.14 -0.86
43 4557 +0.57 45.60 +0.60
60 59.85 015 60.45 +0.45

Virtual wedge factors

All WFs of VW were equal to 1.0 with an error
within 1%, except for 60° wedges at 20 x 20 to 24 x 24
cm’ field sizes where they deviated by 2-3%. The ex-
perimental results indicated that WFs of VW would in-
fluence large wedge angles and field sizes in MU
calculations. The WFs of VW have a slight dependence
on field size. While the wedge factor variation with
various field sizes was small (0.2-2.8%) for VW, it was
larger (0.9-4.6%) for PW (Figure 1). The increment of
WFs of VW may be due to the increase in scattering that
occurs as the fields expand during the moving process,
or the VW treatments may require more MUs for the
large field with large wedge angles.
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Figure 1. Field size-normalized relative wedge factor (RWF ) at 5 and 10 cm depths as a function of field size

for (a) 6 and (b) 15 MV photon beams, respectively.

Figure | compares the RWF, of 4 x 4, 10 x 10, 16
x 16, 20 x 20, 25 x 25 cm® field sizes at 5 cm (for 6 MV)
and 10 cm (for 15 MV) depths for VWs with those of
PWs. RWF, increases generally as field size increases.
However, with various field sizes and wedge angles, the
RWEF, increments for VW were smaller than PW. The
field size dependence of WFs for PW may be due to
back-scattered radiation from wedge filter as well as the
head scatter radiation [7]. Moreover, those for VW are
probably due to transmission through the moving colli-
mator jaw and extrafocal radiation under this jaw.
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Percentage depth doses

Figure 2 presents the measured PDDs for 6 MV
photons. The good agreement between open and VW
fields on PDDs indicated that PDD measurements for
large number of VW fields were not required. The dif-
ferences (compared with the PDDs for the open fields)
were consistently within 0.8%, for both wedge angles.
Table 2 compares PDDs for 5 x § and 20 x 20 c¢m” field
sizes and 60° wedge angle. For the PW, the differences
of PDDs, as compared with those of the open field, were
larger. This influences both MU calculations as well as
conventional treatment planning.
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Table 2. Percent depth dose (PDD) comparisons for open field, virtual wedge and physical wedge.

6 MV 15 MV
Field size (cm?) 5x5 20x20 5x5 20%20
Depth (cm) 5 20 5 20 5 20 5 20
Open (%) 85.3 355 886 435 944 478 935 524
Virtual wedge (%) 85.1 349 887 437 093.9 478 93.1 526
Physical wedge (%) 86.5 37.9 889 456 96.0 49.9 950 54.0
120
100 F open

——— DN 3()

80 [ f

< 60

g
40
20 F
0 e la—

0 5 10 15 20 25

depth (em)

Figure 2. Depth doses for 6 MV open field ("open”), 30 virtual wedge ("VW30") and physical
wedge ("PW30") of 10x10 cnr'.

Table 3. This table illustrate the dose of the 6 MV 20x20 cm’ outside field for
both 45 physical and virtual wedges.

Distance from

The dose (cGy) outside the field 20 x 20 cm’

fieldedge (cm) Open PW-heel VW-heel PW-toe VW-toe
2 6.4 8.5 3.9 174 118
5 3.4 7.1 1.6 10.7 5.7
8 2.2 5.7 2.0 8.2 3.1
10 1.5 5.0 0.5 6.8 3.6

Changhua J Med 2003 * Vol 8 » No 2
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Profiles

Figures 3 and 4 illustrate the profile comparison of
the four types of wedge angles in 20 x 20 cm® fields for
both VWs and PWs. Dose was normalized to 100% at
dimax, along the central axis. VWs and PWs were differ-
ent, especially for 6 MV 45° wedge angle and 15 MV
60° wedge angle. Although both have similar profiles,
they could not be exchangeable in the treatment plan-

(a) 6 MV 15 wedge angle degrees

ning system.

The other significant clinical parameter that was
noted was dose reduction outside the field. Table 3 lists
the experimental results of outside dose for both open
and wedged fields both at the thick end ("heel") and the
thin end ("toe"). The dose increase varies strongly with
the wedge orientation, and the toe direction has a higher
dose.

(b) 6 MV 30 wedge angle degrees
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Figure 3. Profiles of the 6 MV 20x20 cm’ field with physical wedges ("PW") and virtual wedges
("VW") at depths of d,,,. ("dm"), 5 cm (“d5"), 15 cm ("d15"), and 20 cm ("d20"). Dose is nor
malized to 100% at the d,_ along the central axis.
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(a) 15 MV 15 wedge angle degrees (b) 15 MV 30 wedge angle degrees
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Figure 4. Profiles of the 15 MV 20x20 cnt’ field with physical wedges ("PW") and virtual wedges
("VW*") at depths of d,,, (""dm"), 10 cm ("d10"), 15 cm ("d15"), and 20 cm ("d20").
Dose is normalized to 100% at the d,, along the central axis.
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Figure 5. Central-axis measured (solid line) and calculated dose (dotted line) profiles at depth of 5 cm for 6 MV.
(a) 10x10 cnt’ field with 30 virtual wedge. (b) 10x10 cni’ field with 60 virtual wedge.
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Treatment planning

The percentage difference between the calculated
and measured wedged dose distribution data was deter-
mined as: (calculated-measured)/measure dq. x 100%.
Excluding large wedge angles and large field sizes cal-
culations in the toe side of VW, agreement between cal-
culations and measurements was within 2%. Figure 5
depicts the comparison of isodose profiles for VW be-
tween the calculations and measurements.

Figure 6 illustrates the actual treatment plan. When
the same beam orientations and relative weightings were
used for both plans, hot spot increased with VW for 30°

wedged fields. In order to reduce the hot spot, 40° VW
fields were used. Another clinical case of prostate cancer
was demonstrated in Figure 7. Figure 7(a) presents our
routine treatment plan for segmental open fields. There
were six beam fields, including 45°, 90°, 135°, 225°,
270°, and 315° gantry angles. Figure 7(b) presents the
previous fields with VW and the same weightings. In
terms of homogenous dose coverage (see the 95%
isodose of Figure 7(b)), the VW plan produced better
results.

(€)

Figure 6. Comparison of treatments plans for a larynx treatment with 6 MV, (a) Isodoses for the 30" physical
wedges, (b) isodoses for the 30 virtual wedges, and (c) isodoses for the 40 virtual wedges.

(a)

(b)

Figure 7. Comparison of treatment plans for prostate cancer with 6 MV. (a) Isodoses for the open field.

(b) Isodoses for the 20" virtual wedges.
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Discussion and Conclusion

One of the advantages of VW is that the WFs are
unit and the error is within 1%. In contrast, WFs depend
on field size characterizes dynamic and enhanced dy-
namic wedges. Klein et al. [3] ascertained a nonlinear
relationship between WF and field size. However, the
PDDs of DW or VW were determined as being closer to
those of an open field.

The VW peripheral dose is the dose delivered to

tissue outside the collimated radiotherapy beam. In the
region beyond the geometric edge of the field, the VW
peripheral doses and open field doses were nearly iden-
tical when an identical dose was delivered to the central
axis. In contrast, the PDD was nearly twice as high
when the standard PW was applied. For certain clinical
sites (such as contralateral breast), the PDD that a ra-
diotherapy beam generates may be significant. Notably,
scatter from a wedge filter can increase the PDD more
than that received from an open field for the same given
dose. McParland et al. [9] and Warlick et al. [10] re-
ported that the contralateral breast dose that increased
by a dynamic or enhance dynamic wedge was only half
of that for a PW within an identical situation. Chang et
al. [11] also reported the same experimental result.
. The experimental results of VWs dose profiles in-
dicated that the CA24 chamber array detector was an
effective dosimetry system. Since the dose at each
measurement point must be obtained via integration
during the entire process, it measured dose profiles ac-
curately, and more efficiently than a single chamber
does. Therefore, initial chamber array may be a good
choice for commissioning of a VW.

However, some authors have employed other
measurement systems. For example, a diode array was
employed to measure nonphysical wedge profiles
[12-14). However, the dosimetric characteristics of the
diode detector depended heavily on processing condi-
tions, including diode type, doping level, device proc-
essing technique and pre-irradiation. Therefore, each
type of diode array must be evaluated individually prior
to measurement.

In addition, film is also a good method to measure
dose profiles [3]. It is less time-consuming and has a
high spatial density of data. However, it also requires
careful measurement of the optical density-to-dose con-
version curve at all depths. Film may be used more effi-
ciently for verification purposes, particularly for peri-
odical quality assurance (QA) of the VW,

VW was faster than PW in practical treatment pro-

cedures. Van Santvoort [5] studied the beam on time for .

VW and PW and determined that, with similar cases,

Changhua J Med 2003 » Vol 8 * No 2
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VW required less time than PW. A more significant time
gain can be expected for VW because the PWs require
changing. It is no longer necessary to enter the treatment
room between fields; it also promotes a more effective
use of remote procedures.

In contrast to PWs, VWs are limited to the
Y-direction as only the Y-jaws move dynamically, thus
requiring collimator rotation to allow wedge movement
in any other direction. Compared with VW, Cerrobend
block offers more conformal shielding than the Siemens
that has 1 cm leaves. In some cases, the wedge direction
that is perpendicular to the leaf direction might be in-
convenient. Therefore, a block would be used if neces-
sary.

Prior to activating the beam, the jaw that creates
the VW is moved to the opposing jaw. Subsequently the
field is closed to 1 cm (projected at source to axis dis-
tance (SAD)). This 1 cm gap creates a somewhat
sharper edge at the toe of the wedge field. Irradiation
begins with the gap, thus megavoltage imaging cannot
be performed using the treatment field. Therefore, an
electronic portal imaging device (EPID) cannot be used
for clinical imaging in treatments that use VW [3]. The
other disadvantage of a gap (>1 cm) is that with large
field sizes, a plateau region of dose appears in the gap
area and along the toe side of VW occurs [15).

Any arbitrary wedge angle (typically 15-60 degrees)
can be created for VW instead of the traditional four
fixed wedges (typically 15, 30, 45, and 60 degrees) for
PW. However, due to limited time and practice, only a
limited number of wedge angles were selected for our
study. In our experiment, seven types of wedge angles,
those typical fixed wedge angles and an additional 20,
40, and 50 degrees, respectively, were used.

Delivery of a wedge beam requires accurate func-
tioning of several components of the linear accelerator
hardware and software. Therefore, VW QA programs
are essential. Rathee et al. [16] presented several QA
programs for VW and their experimental results indicate
that wedge profiles are very stable over time.

The implementation of VW is an important step
towards virtual conformal therapy. Without requiring a
heavy metal filter, it creates a wedged-shape isodose
distribution by moving one of the asymmetric jaws
across the field during treatment. This has produced
significant practical and dosimetric improvements. Fur-
thermore, the VW is a reliable tool that can be employed
clinically, providing it can be managed through the
treatment planning system. Furthermore, it provides
superior flexibility and results in shorter activation pe-
riods.
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Dose Distribution for Virtual Wedge
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