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Figure 1.4: Prototype eMLC used in the current study. The eMLC (Hogstrom et al. 2004)
has 21 brass leaves on each side that project to approximately 1 cm width at isocenter; 15
leaves on each side are motorized to currently deliver a maximum 15x20 cm? field size. The
device docks to the accelerator via a custom fabricated plate identical to the top plate of a

standard electron applicator for a Varian Clinac 21EX accelerator and has a fixed air gap of
10 cm.



1.1.4 Purpose of Current Study

The purpose of this work was to investigate the potential of a prototype electron multi-
leaf collimator to deliver segmented-field electron conformal therapy and to improve dose
homogeneity to the planning target volume by feathering the abutting edge of the higher

energy electron fields.

1.2 Hypothesis
By feathering the abutting edges of the higher energy electron fields in segmented-field
ECT, the standard deviation of the PTV dose distribution will be reduced by 30% relative

to segmented-field ECT delivered by an eMLC without edge feathering.

1.3 Specific Aims
1.3.1 Aim 1: Define eMLC Leaf Positions for General Electron Fields

The geometric relationships of the eMLC and the linear accelerator will be evaluated.
Software will be developed to define the eMLC leaf positions that closely fit a general
segmented-field shape. Calibration checks will be performed by delivering electron fields
to films positioned at the accelerator isocenter, measuring the exposed regions of the film,
and confirming that the leaf positioning software creates radiation fields with a leaf position
uncertainty of £ 1 mm.
1.3.2 Aim 2: Commission the eMLC for Dose Computation

Electron beam data required to commission the eMLC for the electron pencil beam dose
algorithm of the Pinnacle treatment planning system will be measured. The measured data
and the physical specifications of the eMLC will be added to the treatment planning system
and commissioned for treatment planning. The eMLC will be installed on a linear accelerator,
and commissioning of the PBA will be validated through measurement. Isodose curves will
be generated to compare dose computation with measurements.
1.3.3 Aim 3: Feather Field Edges to Improve Dose Homogeneity

One-dimensional and two-dimensional edge feathering for abutting segments of different

electron energies in a water phantom will be investigated. Analytical feathering solutions will



be converted into clinically practical feathering solutions. The impact of the feathering solu-
tions on dose homogeneity will be computed using an electron pencil beam dose algorithm.
Hypothetical 2D PTVs in a water phantom will be used to compare dose homogeneity in the
PTYV for one-dimensional edge feathering and no feathering. An additional 3D PTV will be
used to evaluate 1D, 2D, and no feathering for a SFECT plan with segment abutment regions
both perpendicular to leaf motion and parallel to leaf motion. The computed improvements
to dose homogeneity through edge feathering will be validated with film measurements in a

plastic water phantom.



Chapter 2. Methods and Materials

2.1 Aim 1: Define eMLC Leaf Positions for General Electron

Fields

Accurate leaf positioning was necessary to ensure accurate delivery of the radiation field,
evaluated by comparisons of measurements with computed dose distributions. Particularly
important was the exact alignment of abutting electron fields to avoid hot and cold dose
spots in segmented-field ECT plan delivery. An investigation of the effects of leaf width for
both rectangular and irregular fields was important to understand the possible limitations
of the eMLC for segmented-field ECT.

In this aim the geometric relationships of the eMLC, the linear accelerator, and the
radiation field were evaluated. Software was developed to calculate and set eMLC leaf
positions for an arbitrary electron field shape. Calibration procedures were developed to
ensure accuracy of leaf positions. Radiographic film measurements were used to assess the
accuracy of calculated leaf positions for rectangular, irregular, and segmented fields.

2.1.1 Establish Geometry of Leaf Positioning
Relationship of the eMLC to the Linear Accelerator and FElectron Field

The geometric relationships of the linear accelerator, the eMLC, and the radiation field
were evaluated. Electrons were considered to diverge from a virtual point source, as described
by Schroder-Babo (1983) and to project through the eMLC-defined aperture to create a field
defined in a plane at the accelerator isocenter normal to the beam axis. The accelerator used
in the present work was a Varian Clinac 21EX (serial no. 1412).

Based on the findings of Jamshidi, Kuchnir, and Reft (1986) and Shiu et al. (1994) the
virtual point source was approximately 90 cm from isocenter (location of primary scattering
foil). The eMLC collimator-to-axis distance (CAD) was 11.5 cm from the midline of the 3.0-
cm thick leaves to isocenter. The eMLC consists of 21 pairs of brass leaves with the central

15 pairs motorized. The physical leaf width was 0.9 cm at the bottom of the leaves. The leaf
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Figure 2.1: eMLC leaf dimensions. End view (a) of 21 divergent eMLC leaves. Side view
(b) of an eMLC leaf. Redrawn from (Hogstrom et al. 2004).

edges were divergent, perpendicular to leaf motion, and focused to a point 85 cm above the
bottom of the leaves (cf. Figure 2.1) to minimize dependence of penumbra shape on off-axis
position of the leaves defining the electron field. Each leaf was designed to fully extend or
retract (£10 cm with respect to central axis) across the 20 cm isocentric field length parallel
to the leaves. To minimize the dependence of penumbra shape on off-axis leaf position, the
leaf ends were rounded such that as the leaves traveled across the field, the mean direction
of the primary electrons was tangential to the leaf ends. A side view of the leaves and
additional dimensions are presented in Figure 2.1. For rectangular field sizes for which side-
scatter equilibrium exists on central axis, the geometric projection from the virtual electron
source through the eMLC aperture was expected to coincide with 50% of the central-axis dose
for lateral dose profiles (L to field edge) in a homogeneous phantom. It was assumed that
one side of the geometric field edge was fully irradiated with an infinitely-broad, uniform,
electron field and the other side was fully blocked. The relation of 50% central axis dose to

the geometric field edge was not expected for small fields or near the practical range of the
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Figure 2.2: Radiation field projected through rounded leaf ends.

electrons due to lack of side-scatter equilibrium and non-uniform photon contamination.
Geometry of Electron Collimation Across Rounded Leaf Ends

In order to determine the leaf positions at the plane of the eMLC leaves, the projection
of the edge of the electron field defined by the the rounded leaf-ends to the isocentric plane
was derived. This was done by projecting the geometric field edge, a tangent line anchored
at the virtual electron source and extending to the isocentric plane, where the circle was
constrained to slide on a line parallel to the leaf central axis as shown in Figure 2.2. The
solution of this equation for the coordinate of the leaf tip, yi..; at the plane of the leaf
midline, as a function of the desired geometric field edge at y;s,, was found to be

. OAD Yiso 2

for leaves anchored on the positive side of the coordinate system, and

C. 1D Yiso
— (1l — =2 = 1 2 _ .
ey = viroll = gp) ~ T4/ 1+ (G7p)* ~ 1 (2:2)
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Figure 2.3: Discrepancy between focal point of leaves and virtual electron source.

for leaves anchored on the negative side of the coordinate system. The CAD was 11.5 cm
from isocenter to the leaf midline, the virtual SAD for the Clinac was assumed 90 cm , and
the radius of the rounded leaf end (r) was 14.2 cm as previously described in Section 2.1.1.
Geometry of Electron Collimation Across Divergent Leaf Edges

Perpendicular to leaf motion, the leaves were divergent and focused to a point 85 cm above
the bottom of the leaves. This design specification was created for a Siemens accelerator
that was not used in the current work. The difference between the position of the electron
virtual point source for the presently used Varian accelerator and the focal point of the eMLC
leaves was approximately 5 cm, and as a result, the original design intent of 1 cm leaf-width
projections at the isocentric plane was not exact. Figure 2.3 illustrates this issue and shows
that the radiation field was collimated by the top of a leaf that is between the field and the
central axis and collimated by the bottom of a leaf that was exterior to the field and central
axis. For a symmetric field on central axis, the field was collimated by the bottom of the

leaf plane on both sides. As the physical leaf width, wje.r, was 0.9 cm, the isocentric field
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width, Wi, for a symmetric field with the number of open leaves, njeqpes, Was found

Wieaf Nieaves SAD
Wiso = :
SCD

(2.3)

The electron field passing through a single, open leaf-pair at a central displacement +cs

from the central axis projected to a field at isocenter centered at x;,, and was given by

(Tieas + —“”;“f)“;é—g + (Zteay + 54 )% sgADlzh
Liso = 92 (24)

where focal distance, f, was 85 cm , leaf height, i, was 3 cm, and leaf width, wje.s, was 0.9
cm. A leaf pair centered at displacement —x;..s projected to a field at isocenter centered at

Tiso and,

(xleaf - wlgaf)gé’;g + («Tleaf + wz;af)f%sg%?h
Tiso = 2 ’ (25)

Equations relating the leaf projection at isocenter to the leaf positions at the plane of the
collimator were utilized in software that positioned the eMLC leaves for general field shapes.
2.1.2 Software Developed to Position Leaves for General Fields
Purpose of Software and Description of Input and Output

Software was developed using Interactive Data Language (IDL) version 6.2 whose purpose
was to compute the eMLC leaf positions that most closely modeled a general, irregularly-
shaped electron field. As input, the software accepted the plan.Trial file created by the
Pinnacle treatment planning system. During execution, the software extracted the block
points that defined the general field, converted the field to the eMLC aperture, and exported:
1) leaf position files in a format compatible with the existing eMLC QBasic control software,
2) graphical output showing the eMLC aperture overlaying the desired general field shape,
and 3) a modified plan.Trial file with the collimator block points modified to match the

newly generated eMLC aperture.
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Organization of Program Operations

The developed software, emlcleafpositions2.pro, contained geometric information about
the eMLC and the relations discussed in Section 2.1.1. The conversion of a general, collimator
block shape to an eMLC aperture was achieved by intersecting the leaf mid-lines, described
by Equations 2.4 and 2.5, with the edges of the block shape at the isocentric plane. The
isocentric intersection points were backprojected with Equations 2.1 and 2.2 to determine
the yjeqr coordinates at the plane of the leaves.

The software provided the user with a graphical output of the eMLC aperture overlaying
the original requested field shape. Control files for the eMLC containing the leaf position
commands and inverse leaf position commands, necessary to return the eMLC to the parked
position, were produced in addition to a modified plan.Trial file for the Pinnacle treatment
planning system that contained modified block points to permit dose computation with the
eMLC aperture.

Transfer of Data between the IDL Software and Treatment Planning System

The software required that the user create a treatment plan in Pinnacle version 7.4f and
draw the Pinnacle collimator block aperture by hand. After an initial plan was developed,
the user exited Pinnacle. A File Transfer Protocol (FTP) connection was used to move files
between the remote Pinnacle server and a personal computer. The plan.Trial file was located
in the directory for the appropriate institution, patient, and plan in the Pinnacle directory
structure. The plan.Trial file contained planning specifications for a treatment plan including
the beam list, beam geometry, energy, collimator block points, and prescription dose. The
file was used as input for the IDL software. Once the program completed execution, the
generated files were available for input to the eMLC QBasic control software and the modified
Pinnacle plan.Trial file was moved via FTP back into the correct directory on the remote

Pinnacle server. Dose calculation in Pinnacle was repeated with the modified file in place.
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