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1. INTRODUCTION

A. Overview

The aim of thisreport isto provide basic information and to state fundamental
concepts needed to implement the use of amultileaf collimator (MLC) in the con-
ventional clinical setting. MLCs are available from all the major therapy acceler-
ator manufacturers. The use of MLCs to replace conventional field-shaping
techniquesisnot initself expected to improvethelocal control of malignancy. The
rationale for using MLCs in conventional radiation oncology is to improve the
efficiency of treatment delivery. Thus, the intent of this report isto assist medical
physicists, dosimetrists, and radiation oncologists with the acquisition, testing,
commissioning, daily use, and quality assurance (QA) of MLCsin order to real-
ize increased efficiency of utilization of therapy facilities. It is not the intent of
this report to describe research into advanced applications of ML Csin conformal
therapy or dynamic treatments.

A major limitation to the efficacy of radiotherapy treatment is the production
of undesirable complications by theirradiation of healthy tissueinherent in agiven
radiotherapy technique. Many organs are relatively sensitive to radiation damage
(the spinal cord, salivary glands, lungs, and the eyes are common examples) and
must be given specia consideration during radiotherapy trestment planning. In
general, treatment planners attempt to optimize the dose distributions achievable
with agiven treatment strategy to deliver atumorcidal dose of radiation to atarget
volume while minimizing the amount of radiation absorbed in healthy tissue.
Explicit field shaping of the beam is required to reduce the amount of healthy
tissueirradiated, and multiple beams are used to | ower the dose absorbed by tissue
outside thetarget volume. Conventional treatment strategies use alimited number
of shaped beams and restrict the orientation of the beams to coplanar fields.

A conventional treatment machine shapes x-ray fields by a set of dense metal
collimators (the term “jaws" will be used here) built into the machine. These col-
limators are positioned by the therapist using hand controlsin the treatment room,
and usually remain stationary during treatment. The collimator jaws of treatment
machines produce rectangular beams. Conventional beam shaping is accom-
plished through the use of a combination of these collimator jaws and secondary
custom beam blocks attached to the accelerator beyond the collimator jaws.
Conventional blocks consist of either aset of lead blocks having arange of shapes
and sizes that are placed by hand at each treatment session or cerrobend blocks
fabricated individually for agiven field applied to a specific patient (Powerset al.
1973). The beam passes through these lead-alloy shields which block portions of
therectangular radiation field outside the target volume. The beam blocks are fab-
ricated based on the patient’ streatment plan, using radiographic planefilmsor CT-
scan data. A single patient may have as many as 10 radiation fields used during
treatment, each with a different shape and requiring a unique beam block.



Beam blocks have several inherent disadvantages. The use of low-melting tem-
perature blocksis time-consuming (one or two days are required to produce a set
of blocks) and involves the handling of Wood's metal (cerrobend), a toxic mate-
rial. Cerrobend (the most commonly used material) must be molten during block
fabrication and can expose hospital workers involved in the fabrication process
to toxic fumes if the vaporization temperature is accidentally exceeded. The
process of block construction may also create toxic fumes from the melting of
Styrofoam™. In the clinic the beam blocks, mounted on trays, must be attached
and removed from the accelerator by the radiation therapist. Blocking trays can
weigh over 25 pounds, and accidents involving dropped or falling blocks have
injured therapists and patients. The therapists are also at risk to strains from lift-
ing the blocks while standing in awkward positions (Glasgow 1980).

Newer accelerators allow more control over how the collimators are positioned;
some machines can even produce wedge-modulated fields (normally produced
with physical metal wedges) by moving a single collimator during treatment.
Using computer control, it isnow possibleto control the jawsfrom commands sent
to the collimators from the control console without entering the treatment room.
Thejaw positionsfor aparticular field for aparticul ar patient can beretrieved from
acomputer file.

One application of thisincreased capability is replacement of beam blocks for
field shaping with the MLC. The MLC has movable |leaves, or shields, which can
block some fraction of the radiation beam; typical MLCs have 20 to 80 leaves,
arranged in pairs. By using the computer controls to position a large number of
narrow, closely abutting leaves, an arbitrarily shaped field can be generated. By
setting the leavesto afixed shape, the fields can be shaped to conform to the tumor.
Given adequate reliability of the hardware and software, the use of MLC field
shaping is likely to save time and to incur a lower operating cost when com-
pared to the use of beam blocks; fabrication facilities and expenses will be
reduced. Patient setup time during treatment may also decrease, allowing greater
patient throughput. Adjustment in the field shape can be made quickly and con-
veniently by modifying the computer file containing the leaf-settings rather than
having to recast a new cerrobend block. These factors are becoming more impor-
tant in today’s health care industry. However, in order to replace cerrobend blocks
for fields that have a complex outline, more than one setting of the leaves is
required, leading to the need for amore sophisticated control system and expanded
dosimetry calculations.

Therearethreebasic applications of theMLC. Thefirst applicationisto replace
conventional blocking. The field-shaping functions served by these familiar and
widely used procedures can be largely duplicated by leaf position sets stored on a
compurter fileto form adesired field shape. Thefiles can be created especially for
agivenfield to be applied to a specific patient in analogy to the fabrication of cer-
robend blocks.



A second function of the ML C is an extension of the first. One variant of con-
formal therapy entails continuously adjusting the field shape to match the beam’s-
eye view (BEV) projection of a planning target volume (PTV) during an arc
rotation of the x-ray beam (Takahashi 1965). Thisrequiresalarge number of field
shapesthat are applied as afunction of gantry angle during the arc. To implement
this variant, one must change the positions of the leaves while the beam is being
delivered. Such acapability makesfeasiblethethird basic application of the MLC.

The third application is the use of the MLC to achieve beam-intensity modu-
lation. Variants of conformal therapy have been considered that require each field
be compensated or modulated. Various approaches to this modulation have been
developed that use the motion of the MLC leaves during irradiation to create a
dynamic compensating filter either for anumber of fixed gantry exposures or for
a continuously arcing fan beam and for a continuously arcing cone beam. These
latter two applications of the MLC are advanced forms of conformal therapy and
will not be considered in detail in this report.

B. Summary of Configurations

In what follows, we shall adopt the following usage to describe the leaves (see
Figure 1). Thewidth of aleaf will be the small dimension of the leaf perpendicu-
lar to the direction of propagation of the x-ray beam and perpendicular to the direc-
tion of motion of the leaf. The length of the leaf shall refer to the leaf dimension

length
height

/ end

side
/ width

Figure 1. Schematic of generic MLC leaf illustrating leaf terminology. An example of a
curved end and a stepped side.



parallel to the direction of leaf motion. The surface of the leaf inserted into the
field along this dimension is the leaf end. The surfaces in contact with adjacent
leaves are the leaf sides. The height of the leaf shall refer to the dimension of the
leaf along the direction of propagation of the primary x-ray beam. The |eaf height
extendsfrom thetop of theleaf near the x-ray sourceto the bottom of the leaf near-
est the isocenter. The height of the leaf determines its attenuation properties. The
reduction of dose through the full height of the leaf will be referred to asthe |eaf
transmission. The reduction of dose measured along a line passing between |eaf
sideswill bereferred to asinterleaf transmission, and the reduction of dose meas-
ured along aray passing between the ends of opposed leaves in their most closed
position will be referred to as the leaf end transmission.

ML C configurations may be categorized as to whether they are total or partia
replacements of the upper jaws, the lower jaws, or else aretertiary collimation con-
figurations (see Figure 2). The particular configuration along with other collima-
tor design aspects, such as whether the wedge is internal or external, creates a
number of x-ray beam collimation and control configurations. MLC machines

Upper Jaws

O

=
\\\\\\\\t\\\\\

Leaf B . I‘ g Leaf A,

Lower Jaws

-t

Figure 2. Generic schematic of a photon collimation system with upper and lower jaws
and a tertiary multileaf collimator. The Y1 jaw has been omitted for clarity. The field
dimensionsin the plane at isocenter are indicated.



may placethetertiary block trays and the gantry housing closer to the patient than
non-MLC machines. In some cases, wedges and compensating filter assemblies
arealso placed undesirably closeto the patient. Thislimitsthe extent of some non-
coplanar treatment techniques.

a) Upper Jaw Replacement

This configuration entails splitting the upper jaw into a set of leaves. Currently
the Elekta (formerly Philips) MLC is designed in this manner (see Figure 3). In
the Philips design, the ML C leaves movein the y-direction (parallel to the axis of
rotation of the gantry). A “back-up” collimator located beneath the leaves and
above the lower jaws augments the attenuation provided by the individual |eaves.
The back-up diaphragm is essentially athin upper jaw that can be set to follow the
leaves if they are being ganged together to form a straight edge or else set to the
position of the outermost | eaf if the leaves areforming ashape. The primary advan-
tage of the upper jaw replacement configuration is that the range of motion of the
leaves required to traverse the collimated field width is smaller, allowing for a
shorter leaf length and therefore a more compact treatment head diameter. Thedis-
advantage of having the ML C leaves so far from the accelerator isocenter isthat the
leaf width must be somewhat smaller and the tolerances on the dimensions of the
leaves aswell asthe leaf travel must be tighter than for other configurations.

Figure3. Schematic diagram of the Philips ML C. The upper jaw isreplaced by theMLC
leaves and a back-up diaphragm placed beneath the leaves follows the leaves to provide
additional attenuation.



b) Lower Jaw Replacement

The lower jaws can be split into a set of leaves as well. The Scanditronix
Racetrack Microtron, as well as the Siemens and the General Electric (GE) MLC
options use this configuration (see Figure 4). The GE MLC system is no longer
being sold. In both the Scanditronix design and the Siemens design, the leaf ends
arestraight and arefocused on the x-ray source. The Siemensdesign uses 29 opposed
leaf pairs. The outer leaves of each leaf bank project to athickness of 6.5 cm at the
isocenter plane. Theinner 27 leaf pairs project to adimension of 1.0 cm at the plane
at isocenter. All leaves can travel from the full open position (projecting to afield
half-width of 20 cm) to 10 cm across the central axis. All the leaves are inde-
pendently controlled and travel with a speed of up to 1.5 cm/sec. The leaves may
be manually positioned with an ML C hand control and these |eaf-settings can be
uploaded to an information management Record and Verify (R&V) system. The
leaf ends as well as the leaf sides match the beam divergence, making the config-
uration double-focused. The GE configuration uses curved leaf ends and contains
a secondary “trimmer” similar to the Elekta back-up diaphragm. However, this
trimmer islocated above the upper jawsin the GE design (see Figure 4).

Figure 4. Schematic of the General Electric Medical Systems MLC that replaces the
lower jaws. The leaves project to awidth of 1.25 cm at isocenter so that 32 leaves are used
to cover the 40-cm width of thefield. A trimmer above the upper jawsis used to refine the
penumbra at the leaf ends.



c) Third Level Configurations

TheVarian MLC is an example of atertiary collimator system (see Figure 2).
This device is positioned just below the level of the standard upper and lower
adjustable jaws. This design was chosen to avoid lengthy downtime in the event
of asystem malfunction. Using this approach, it is possible to move leaves man-
ually out of thefield should afailure occur. Treatment can continue after replace-
ment cerrobend blocks have been fashioned. The major disadvantage of placing
the MLC below the standard jaw system is the added bulk. Clearance to the
mechanical isocenter isan additional, but minor, problem. Clearancefor theVarian
ML C depends on the exact combination of beam modifiers used for a particular
treatment situation. When the ML C isfitted and a block support tray isadded for
additional field shaping, clearance to the isocenter is the same as the non-MLC
treatment head. Physical wedges are added below the blocks, and decrease clear-
ance to some degree. Using the ML C without supplemental alloy blocks allows
removal of the entire block support system and increases clearance. In this case,
physical wedges are mounted on the face of the treatment head and clearance is
usually acceptable. Of course, there is no change in clearance when the dynamic
wedge featureis used. In addition to the question of clearance, the diameter of the
head at the level of the secondary and tertiary collimator system is increased.
Moving the MLC farther from the x-ray target requires an increase in the size of
the leaves and a longer travel distance to move from one side of the field to the
other. Theend result isthat atertiary system decreasesthe collision free zone. For
example, if ablocking tray holder is retained, patients whose treatment positions
call for their elbowsto extend laterally, such asin treatment of breast cancer, may
not clear unless the blocking tray holder is removed.

d) Field-Shaping Limitations

The field-shape limitations of the various collimators are shown in Figure 5.
The top panel illustrates the field-shaping limits for the Siemens and Elekta
(Philips) collimators. A representation of the Siemens leaf extension is shown at
the top of the panel. Starting with the jaws and all the leaves positioned to define
a40-cm x 40-cm field, the four leaves at the top of this diagram have been moved
into the maximum square field opening. The leaf at the top of thefield isinserted
to its maximum extension. It is extended 20 cm to the center of the field and an
additional 10 cm across the centerline. This gives a maximum leaf travel for this
collimator system of 30 cm. This is similar to the Genera Electric Medical
Systems collimator illustrated in the top portion of the bottom panel in Figure 5.

The movement of the Elekta (Philips) collimator leaves is shown in the lower
portion of the top panel of Figure 5. In this case, the leaves can extend 12.5 cm
across the field centerline. The total travel distance for this system is 32.5 cm.
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Figure 5. A comparison of the leaf travel configurations of commercially available
MLCs. The maximum leaf extensions are compared to a 40-cm x 40-cm maximum field
size.

The Varian collimator uses a different design. The leaves in the Varian colli-
mator travel on acarriage to extend their movement acrossthefield. However, the
distance between the most extended leaf and the most retracted leaf on the same
side can only be 14.5 cm. This means that it is not possible to obtain extensions
similar to those shown in the other portions of Figure 5. The possible extensions
of the Varian collimator are illustrated in the bottom portion of the bottom panel.
Extending the leaves out to the field center is not possible when large fields are
used. This limitation is most severe for large field widths. This can beillustrated
by amedium field size of 20-cm width that issymmetric relativeto thefield center.
In this case, the entire carriage can be moved so that the leaves can extend 4.5 cm



(the 14.5-cm limit minus the 10-cm half field width) over the field center. For a
similar field, the leaves of the other systems could be extended entirely acrossthe
width of the 20-cm field. However, when an asymmetric jaw is used to block half
of thefield (shown in the right side of the bottom of the bottom panel), the Varian
carriage can be moved to the field center and a leaf can be extended 14.5 cm
beyond thefield center, further than any of the other systems. For singlefield block
replacement, the Varian tertiary configuration is more limited than the other sys-
tems. On the other hand, this configuration lends itself to broader applications of
intensity modulation.

Another potential limitation isthe ability of leaveson oneside of afield tointer-
digitate with neighboring leaves on the opposing leaf bank. In this case, the ends
of odd-numbered leavesfrom the right-hand bank are driven past the ends of even-
numbered |leavesfrom theleft-hand bank. The Varian collimator isthe only system
that can perform this maneuver. While this may not be important for most block
replacement applications, potentially it can be used to createisland blocks by using
two exposures of the same field. Interdigitation also simplifies implementations
of intensity modulation. For example, if superimposed beam segments at a fixed
gantry angle are used for intensity modulation, unusual beam shapes that employ
leaf interdigitation can improvethe efficiency of dose delivery (Galvin, Chen, and
Smith 1993). In general, interdigitation reduces the total number of photons that
are needed to complete dose delivery that will reduce the patient dose dueto leak-
age radiation.

C. Attenuation

Theleaves of the MLC must provide an acceptable degree of attenuation, must
be shaped optimally to provide field shaping when working together throughout
a range of field sizes, and must be integrated with the rest of the collimation
system. Selecting the materials and designing the leaf shapes and positioning
apparatus to achieve these ends is an engineering challenge.

a) Materials and Properties

Tungsten aloy isthematerial of choicefor leaf construction becauseit hasone
of the highest densities of any metal. Tungsten alloys are also hard, readily
machinable, and reasonably inexpensive. An additional advantageisthat they have
low coefficients of expansion, so that parts can be machined to exacting tolerances,
an important consideration with regard to interleaf separations. Pure tungsten has
adensity of 19.3 g/cm?, but the alloys have densities that range from 17.0to 18.5
g/cm®, with varying admixtures of nickel, iron, and copper to improve machin-
ability. Pure tungsten is very brittle and the machinability of tungsten alloy
improves with decreasing tungsten content. Table 1 gives sometypical properties
of tungsten alloy for various densities.



Table 1. Properties of Tungsten Alloys

Density (g/cm®) 17.0 175 18.0 185
Tungsten content 90.5% 93.0% 95.0% 97.0%
Nickel content” 06.5 (7.0)% 05.0 (4.2)% 03.4% 01.6%
Iron content” 03.0 (0.0% 02.0 (0.3)% 01.6% 00.8%
Copper content’ 00.0 (2.5)% 00.0 (2.5)% 00.0% 00.6%
8co HVL (mm) 09.7 09.3 08.9 08.5
Thermal expansion 6.1x10°° 55x% 107 52x107°
coefficientt

" These are values from one manufacturer but arefairly typical of other manufacturers whose values
may differ by less than 0.5%. The figures in brackets indicate alternative alloys having the same
density.

T These are values from one manufacturer and for one temperature range. For alarger temperature
range, the values are higher. Other manufacturers quote values about half of those given in the table.

b) Transmission Requirements

When the upper or lower jaws are replaced with leaves, the transmission
requirements are the same as those of a set of collimating jaws. The requirements
for the tertiary arrangement are somewhat different. When the adjustable photon
jaws of the linac are used to set the overall size of the field, it is only necessary
that the leaves of the tertiary ML C attenuate the primary beam to the same extent
as customized blocks, i.e.,, <56% or between 4 and 5 HVL (half-value layer).
However, sincethereistransmission between the leaves, the transmission through
the leaves should be lower than this to ensure that the overall transmission meets
this criterion. This criterion is met by athickness of approximately 5 cm of tung-
sten aloy. If one wishes to reduce the transmission by, say, afurther factor of 5to
1%, thiswould require an additional thickness of approximately 2.5-cm. Thus, for
the tertiary ML C one has to trade-off in-field attenuation against space between
the collimator head and the couch.

D. Interleaf Transmission

The cross-sectional shapes of the leaves are quite complex and present a chal-
lenge to the manufacturer. The two important factors which determine this shape
arethat theleaves (1) arefocusing in the plane orthogonal to their travel and there-
fore havetoincorporate divergence and (2) haveto overlap their neighborsto min-
imize interleaf transmission. The first requirement dictates a truncated pie shape
while the second modifies the sides of the leaves. The angle of this pie shapeis
quite small: for a 1-cm leaf resolution at isocenter, the thickness at the bottom of
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Figure 6. End view of the Siemens MLC showing the truncated pie shape of the leaves
aswell asthe leaf side shape to reduce interleaf transmission.

the leaf is 0.5 mm greater than the thickness at the top of the leaf for a 5-cm leaf
height (see Figure 6). The simplest way to overlap the leaves is to stagger the
leaves midway along their height; but for mechanical integrity and ease of move-
ment of one leaf relative to its neighbor, more complex arrangements have gener-
ally been found to be necessary. Most leaf designs have aprofilethat steps out and
then steps back again. The GE leaf has a sinusoidal profile.

There aretwo situationsto consider for interleaf transmission: (1) between the
sides of adjacent leaves and (2) between the ends of theleaves. Anidealized analy-
sis of the fluence transmission at the leaf sides has been made (Jordan and
Williams 1994). Figure 7 provides a schematic for discussion. Thisfigure depicts
leaves viewed end-on so that the fluence passing tangent to the sides can be ana-
lyzed. In Figure 7 the leaf side is simplified as a step function. A ray line aong
track ain Figure 7 passes through the entire height of the leaf and undergoes full
attenuation. A ray passing along bisattenuated by about one-half of theleaf thick-
ness. Theray lineaong ¢ passesthrough the side offset of both neighboring leaves
and undergoes nearly full attenuation. The resulting idealized interleaf fluence
profileisindicated at the bottom of Figure 7. In practice, the theoretical valley in
the center of theleakage profileis never detected. Although the overall pitch of the
leaf pattern may be 1 cm, the profileof astrip irradiated by theretraction of asingle
leaf issomewhat wider (W' in Figure 7), and has a penumbrabroadened by the | eaf
side design, being governed by (W' — W)/2. In practice, the depths of the leaf side
steps are only fractions of amillimeter, and so the broadening is quite small.

Jordan and Williams (1994) used a Farmer-type ionization chamber and film
toinvestigate the transmission properties of aPhilipsMLC system at 6 and 20 M V.
Because of the different construction of thisdevice, the results have to beinterpreted
somewhat carefully. In their investigation, they also examined the transmission
for different gantry angles to assess the effect of gravity. Their results showed a
maximum transmission of 4.1% at 6 MV and 4.3% at 20 MV between the |eaves
and 1.8% at 6 MV and 2% at 20 MV averaged over the leaves. The transmission
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Figure 7. lllustration of different leakage paths between leaves and the effect of leaf
cross-section shape on penumbra along the side of an MLC leaf.

through the ends of abutting leaveswasfoundtobe51%at 6 MV and 61% at 20 MV.
Of interest isthat the transmission through the back-up jawswas about 11% vs. 0.5%
for the standard x-direction collimators.

M easurements have been made (Galvin, Smith, and Lally 1993; Klein et a. 1995)
of the transmission properties of aVarian MLC for 6-MV (1.5%-2.0%), 15-MV
(2%) and 18-MV (1.5%—2.5%) x-rays using radiochromic film. Transmission
between the leaves added an additional 0.25% to 0.75%. In addition, the screwsthat
attach the leaves to the runners increased the transmission still further to a maxi-
mum of about 3%. These numberswere valid for both x-ray energies. These values
arelower than those found for cerrobend alloy blocks (3.5%) and higher than those
found for jaw transmission (<1.0%). Transmission through abutted (closed) leaf
pairswasas high as 28% for 18-MV photonson central axis. Off axisthe abutment
transmission decreased as a function of off-axis distance to aslow as 12%.

E. Leaf End Shape

Adjustable secondary collimator systems have for some time been designed
to follow the beam divergence as the field opens and closes. Collimators of this
type are referred to as “focused.” Various approaches have been used to keep the
face of each collimator aligned parallel to the primary fluence for all field sizes.
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Most commonly, the collimator moves along the circumference of acirclethat is
centered at the x-ray target of the linac such that the end of the collimator is
always tangent to the radius of the circle. Alternatively, the movement of the col-
limators can be restricted to asingle plane perpendicular to the beam central axis,
and asmall independent portion of the front face of each jaw tilted as the position
of the collimator changes so that agreement with beam divergence is maintained.
Thisisthe approach used on the current generation of Siemensaccelerators. Either
design isfairly easily implemented when only four individual jaws are involved.
However, they are hard to apply to the significantly more complex situation where
alarge number of individual collimator |eaves are moved independently. For this
reason, at least two of the early commercially available ML C systems (Philipsand
Varian) have used a simpler approach. This design restricts the movement of the
leavesto asingle plane, and relies on shaping of the leaf face to produce an accept-
able penumbra. The idea of shaping a collimator or leaf end to control penumbra
width ismore than 10 years old (Maleki and Kijewski 1983). This design is most
easily visualized as arounded end that is part of acircle (see Figure 8). There are
two concerns over collimation with nonfocused leaf ends. First, the penumbra
width can be larger than the penumbra generated by afocused or divergent edge.
Second, the penumbrawidth might change as afunction of the distance of the | eaf
end from the field midline. Attenuation of the edge of the field occurs in the
rounded end along chords of the circle. These chords rotate around the end of
the leaf astheleaf ismoved through itsrange of travel. Since the chords all have
approximately the same length, the attenuation just outside thefield is alwaysthe

SAD

Figure8. Schematic of ray linesthat determine theform of the edge of theradiation field
and light field at the curved end of an MLC leaf. SAD is the distance from the source to
isocenter and SCD is the distance from the source to the center of the leaf. R isthe radius
of curvature of the leaf end.
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same, and the penumbra is of the same width, although in principle it is some-
what greater than for a focused leaf. Different philosophies have been used to
determine the radius of curvature for the leaf end, and flat sections have been
added by some manufacturers (Galvin et al. 1992). Thereis also aquestion asso-
ciated with the curved leaf end as to how to match the edge of the light field with
the 50% dose border at the edge of the field.

Measurements on the Philips and Varian configurations have shown that these
designs result in little change in the penumbra width as a function of leaf position,
and that the penumbra at any position is within 1-3 mm of that obtained with a
focused system or for aloy blockswith divergent sides (Galvin et d. 1992; Boyer et dl.
1992; Galvin, Smith, and Lally 1993; Jordan and Williams 1994; Huq et al. 1995).

F. MLC Control Features

ML Cs produced by different manufacturers employ different mechanisms for
moving the leaves accurately to their prescribed positions. The task of moving a
leaf to the correct position normally involves the following procedures: (1) the
detection of the position of leaf; (2) the leaf control logic; and (3) the mechanism
that moves the leaf to position. Position sensors mechanically linked to collima
torsinclude video-optical systems, and linear encoders. For two-dimensional (2-D)
field shaping, the controlling decision may involve dosimetry compensation, leaf
speed settings, etc. The mechanisms that are used to drive the leaves include dig-
ital and analog motors driving individual |eaves.

G. Leaf Position Detection

Leaf positions must be detected in real-time to achieve safe and reliable posi-
tion control. Depending on the type of multileaf system, the complexity and mech-
anism of leaf position detection varies. The following describes the mechanisms
commonly used in existing commercia systems.

a) Limit Switches

Limit switches are used in bi-state ML Cs such as that devel oped by NOMOS,
Inc. The open or closed state can be detected depending on which switch isturned
on by the leaf.

b) Linear Encoders

There are many types of linear encoders. The ones that are commonly used in
ML C systemsare high precision potentiometers. The linear range of detection and
the accuracy are often in conflict. Such conflict can be resolved by using two
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potentiometers with correlated readings. The advantages of using linear encoders
include simple read-out, less susceptibility to radiation damage, and good linear-
ity and accuracy. The drawbacks are more wiring in the head structure, and more
occupied space in the head. Since defective potentiometers are sometimes hard to
detect, redundant ones are often required to ensure correct measurements.

¢) Video-Optical

Figure 9 illustrates a video-optical system for leaf position detection. The
system uses the same light source for patient positioning as the light source for
leaf position recognition. A retro-reflector is mounted near the end of each |leaf.
The light projected onto the leaf end is reflected back aong the same path as the
incident light. A beam splitter and mirror system channels the reflected light to a
solid-state camera. An image is formed that shows the positions of the reflectors.
By using an open aperture to create a harrow depth of field and focusing on the
plane of the leaf tops, the image can be tuned such that only the reflectors are
shown in the image acquired by the camera. The video signal is digitized and
processed with animage processor inthe ML C controller. Sinceall reflectors have
the same shape and size, a simple feature recognition technique can be used to
derive the positions for al the reflectors.

THL welherinly marer Light Brajieise

Tl adunisble mirer

W Lighe bkl @ e (EdkElen il on patend

Figure 9. Illustration of avideo-optical method of determining leaf position.
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The advantages of the video-optical systemincludereal-timedisplay of theleaf
positions, lesswiring, and high spatial resolution. When using solid-state devices
such as charge-coupled device (CCD) cameras, the system al so provides high posi-
tion linearity. However, most CCDs are not radiation resistant. Frequent camera
replacements are therefore required.

d) Leaf Position and Control

Oneissuethat must be addressed in the implementation of acollimation system
is the definition and control of collimator position. In Figure 2, these parameters
arex1, x2, y1, and y2 for asymmetric jaws, and xA; and xB; for the ith opposing
leaf pair. When the leaf ends are curved, the position of the field edge, defined as
the position of 50% dose level in dose profile through the penumbra region, is
determined by the collective effects of scattering and the leaf-end attenuation.
Finding a zero reference for the positioning parameters of a flat-ended, focused
collimator isrelatively simple. Inthiscase, the collimator isaligned with aray line
extending from the center of the x-ray target to the center of the field. This line
will correspond approximately to the 50% point of adose profile measured across
the boundary of thefield. That is, the fluence measured at afixed distance from
the x-ray source along aline running perpendicular to the projection of the col-
limator face will closely approximate a step function that drops from full value
within theradiation field to zero at the geometric projection of the collimator edge.
Thus, positioning the front face at the field center defines the zero reference, and
a zero field size has opposing collimators closed and touching at this point.
Finding a zero reference for an ML C with shaped |eaf endsis more difficult. This
is because bringing the leading point of a leaf with a curved end into alignment
with the field centerline does not correspond to bringing the 50% fluence line to
this position.

Figure 8 shows a schematic diagram of an ML C |eaf with arounded end placed
at three positions. The distance from the x-ray source to the center of theleaf depth
isgiven as SCD. Thetip of the curve on the leaf end is at the leaf depth centerline
at P. Thedistancetoisocenter isgiven as SAD. Theleaf endisshownwith aradius
of curvature R. Theleaf is shown in three positions; collimating to the outside of
the axis of rotation of the collimator such that P projects to €; collimating to the
axis of rotation of the collimator such that P projectsto c; and collimating across
the axis of rotation of the collimator such that P projectsto b. If Pis moved from
position cto position g, it movesalinear distance W' along theline adistance SCD
from the x-ray source, whereas its projection moves a distance W at the isocenter
distance, SAD. Were the leaf position to be taken to be related to the distance of
leaf movement W', it would be calculated using the following relation

w=w )
SCD
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This equation does not describe the position of the field edge because it uses
the tip of the curved leaf end, point P, as areference. It has been shown (Galvin,
Smith, and Lally 1993) that the light field width will be up to 5 mm smaller than
this geometric dimension when curved |eaves define the edge and Equation (1) cal-
culatesthe leaf position. Thisdifferenceisillustrated by pointsaand d in Figure 8.
An alternative isto use the ray line running from the center of the x-ray target tan-
gent to the curved leaf facefor all leaf positionsinthefield. Thesearetheray lines
ending a a, ¢, and d in Figure 8, resulting in a field half-width formed by the
dimension x. There is a nonlinear difference between the light field projection x
and the linear leaf displacement W'. Thislight field position x is approximately

x=W-A 2
0J SAD O
WD+ REBADH-———
= % v SAD? + W? E 3
D+ RL
VSAD? + W?

The relationship is nonlinear with respect to the physical motion of the leaf.
Using thisrelationship reduces the size of the deviations between the selected | eaf
position and the light field projection of any leaf to a maximum of about 1 mm.
This nonlinear relationship is currently accounted for by the leaf position param-
eters of the Varian MLC. However, it does not give exact agreement between the
rediation field and thelight field. Thex-ray fluencefallsto 50% (relativetothevalue
just inside the open portion of the field) along aray line through a chord of the arc
of the rounded leaf end that is equal to 1 HVL. In Figure 8, theray ending at e is
closetosuchaline. Thusthex-ray field iswider than thelight field by asmall nearly
constant value. Calculation of the projection of the 1 HVL chord position putsit less
than 1 mm outside the light field.

In the Philips ML C design, the discrepancy between the light field and the radi-
ation field is reduced by shortening the distance between the light source and the
collimator by approximately 1 cm. Asaresult, the shadows of the conventional col-
limatorsthat define the light field in the dimension perpendicular to the leaf motion
will aways be greater than the corresponding radiation field size. Thisis corrected
by mounting “light trimmers,” a pair of thin aluminum blades at the edge of the jaws,
to trim the light field down while maintaining the radiation field size. Theoreticaly,
this treatment produces accurate field size matching only a one distance (normally
100 cm) from the source. It can be shown analytically that the error introduced by this
treatment at other distancesin the practical patient setup rangeisminima.

Inthe Philipsand Varian ML C designs, therelation of field edge position (50%
attenuation) and the leaf travel isstored inthe ML C controller asalook-up table.
Theamount of leaf travel needed to move aleaf toits prescribed positionisinter-
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preted from the measured relationship. The speed of the leaf is also controlled to
movetheleaf to position asfast as possible with considerations of smoothnessand
safety. The main safety concernis collision between opposing leaves.

e) Driving Mechanism

For ML Cs capable of 2-D field shaping, motors are used to move the leaves.
Linear screw bars are normally used to trandate rotations to linear motion. The
speed of the leaf travel varies between 0.2 mm/sec to as high as 50 mm/sec,
depending on the design. In most cases, the leaves move at a speed of 1-2 cm/sec.

f) Calibration of MLC Leaf Positions

An important procedure to ensure accurate leaf positioning is the calibration
of leaf positions. Through the calibration, the measured signals, such as voltages
from the potentiometers or pixel numbersfrom asolid-state camera, and the actual
leaf positions establish a one-to-one relationship. Periodic checking and recali-
bration are also needed to ensure the integrity of the controlling system.

TheVarian ML C calibratestheleaf positionsusing narrow infrared beams built
into the collimator assembly that transect the paths of the leaves. The calibration
procedureis carried out automatically each timethe ML C operating systemisini-
tialized. Each leaf is driven through its range of travel. As a given leaf intersects
theinfrared beam, the values returned by its position encoders are acquired. These
values are used along with equation (3) to calibrate the leaf position. The calibra-
tion values are saved in atable for use by the control system.

Inthe Philips ML C system, which uses avideo optical controlling mechanism,
four reference reflectors are fixed on the head structure. The positions of the four
reflectors establish afixed frame of reference, which requires film exposures of
regular fields with different field sizes set by a set of default calibration values.
The actual field sizes measured from the films set the final calibration. During
operation, the positions of the four reference reflectors are acquired and checked
every 0.1 sec.

g) The Control of Back-up Jaws

In some ML Cs, the back-up jaws are designed as part of the ML C system and
are controlled by the ML C controller. In other systems, the jaws are controlled
separately by the linear accelerator controller. When components of the upper
or lower jaws are required to achieve acceptabl e |eakage through the ML C por-
tion of the collimation system, the jaws must be coordinated with the leaves
to minimize the leaf transmission and interleaf leakage, and to achieve better
penumbra.
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Minimal leaf transmission and interleaf leakage is achieved by setting the
jawssuch that they at least circumscribe theirregular field formed by the leaves.
For many clinical applications, it may be desired to use thejaw to provide acon-
siderable portion of the field circumference. In these cases forcing the jaws to
circumscribe the MLC outline is not desired. In the direction of leaf motion, the
jaws can be positioned to sharpen the penumbra and partially compensate for
affected curved leaf ends. In the direction perpendicular to that of leaf motion, the
jaws should always shape a segment of the beam edge. In the Philips ML C system,
this is achieved by withdrawing the leaf that contributes to the penumbra. As
observedin Table 2, the variationsin design are significant. It isinteresting to note

Table 2. Summary of MLC Configurations for Various Treatment Machines

Elekta Siemens  General
Varian (Philips) Scandatronix  Digital Electric
Source To CL2100C SL Microtron Mevatron Saturne 43"
Bottom of 35.7cm 42.6cm 47.5cm 27.8cm 33.6cm
upper jaw
Bottom of 44.4 cm 50.9cm — 35.9cm NA
lower jaw
Leaf bottom 53.6cm 37.3cm 67.5cm — 45.7 cm
Block tray 65.4cm 67.2cm 70.6 cm 56.0 cm 61.0cm
Compensating 69.2cm N/A N/A N/A 50.5cm
filter tray
Top of internal N/A 18.6cm 22.0cm (45°) N/A 229cm
wedge 20.5cm (15°)
Gantry 57.9cm 52.9cm 71.0cm  "7430cm  50.0cm
housing
Leaf thickness U553 cm 7.5cm 7.5cm 7.6cm 10.0cm
Maximum 7.6cm 11.9cm — 7.5cm 11.0cm
height of blocks
Number of 26 %2 40x% 2 32x2 29 x 2 32x2
leaves 40 % 2
Width of leaf 1.0cm 1.0cm 1.25cm 1.0cm 1.25cm
at isocenter
Shapablefield ™40x26cm?  — 31 x 40 cm? — 40 x 40 cm?
(cm X cm) T 40 x 40 cm?
Leaf travel 16.0cm 12.5cm 5.0cm 10.0cm 10.0cm
over isocenter

Fale of the GE accelerator has been discontinued since the production of this report.
T he Varian leaf is made of denser tungsten than the Philips leaf.
m Depending upon the field shape, the width may be limited to <40 cm.

Accessory holder bolted in place.
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that the machine with the leaves closest to the source (Elekta) has leaves with
endsthat are not doublefocused (curved ends), while the machine with the leaves
closest to the patient (Scanditronix) has leaf ends that follow divergence.
Parameters such as those stated for the particular machine are important for
treatment planning, for both penumbra calculations, but more importantly, to
account for potential collimator/wedge/tray and patient/table collisions. In the
tertiary Varian system, it is necessary to ensure that a jaw covers the trailing
edge of aleaf. Thisisthe reason why the leaf span range of only 14.5 cm from
the carriage set by the leaf length prohibits large irregular fields from being
formed. For tertiary systems, the collimator jaws are used in concert with the
leavesto shapethefield. With theVarian system, whereinterleaf |leakageis min-
imal, the X-jaws that move along the leaf direction can be placed close to the
boundary, but can have settings that accommodate multiple field treatments. For
example, opposed | ateral fields, wheretheright lateral field would ideally have jaw
settings of X1 = 4.8 cm and X2 = 6.2 cm, the opposite would take place for the
left lateral field. In this case, making all the X-settings 6.2 cm would be simple,
and without consequence of increased interleaf transmission. On the other hand,
theY-jaws should be used to define the upper and lower borders, due to the finite
step size imposed by the leaves.

H. Summary of ML C Configurations

The MLC configurations generally available at the time of the preparation of
thisreport are summarized in Table 2. Table 2 lists characteristics of five particu-
lar treatment machines with MLCs. The Varian C2100C has a third-level MLC
configuration and also has the option of placing the wedges above or below the
block tray. The Elekta (Philips) SL Asymmetric series has standard or short block
tray options, and contains an internal wedge. The Scanditronix Microtron has
internal wedges at different distances, and essentially no block tray.

I. Nonconventional MLCs

For small fields such as those used for brain tumors or boost fields in the
head and neck, finer resolution of the field margins may be required than for
larger PTVs prescribed around gross tumor volumes for which wider margins
are required because of inherent organ motion. Several miniature multileaf
collimators (miniMLCs) have been developed to be used for these cases (Shiu
et al. 1997). Irregularly shaped brain tumors present challengesfor treatment using
conventional radiosurgical techniques. Treatment of multipleisocentersby stereo-
tactic teletherapy (or multiple isocenters used by linac radiosurgery) often results
in high dose inhomogeneities, with which complications have been associated.
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Dynamic field shaping that produces the prescribed dose conformal to the target
volumeisone strategy that may be used to reduce doseto normal brain tissuewhile
minimizing the dose inhomogeneity within the target volume. A number of com-
mercial firms have recently developed miniMLCs to the point that they can be
placed on the market.

MiniMLCs have been typically configured as self-contained accessories that
can be attached to the collimator of alinear accelerator for specific treatment tech-
nigues and removed for conventional use of the machine. Fiber-optic transmission
lines are used to communicate with a PC-based digital control system. The photon
jaws of the accelerator are set to afixed field size during the use of the miniMLC
so that the leaves of the miniMLC need be only long enough to cover a reduced
maximum field size.

Another nonconventional MLC system is the MIMIC device provided by
NOMOS Corporation (Carol 1992). Thisisasystem intended to beinserted into the
blocking tray of alinear accelerator. It is designed to collimate the x-ray field to a
fan-beam that is dynamically modulated by short-stroke leaves as the gantry of the
accelerator is rotated. The modulated fan beam irradiates a transverse plane of the
patient that is 2 cm thick. The leaves are either fully inserted into the beam or fully
retracted, providing either full attenuation or no attenuation at a given gantry angle.

J. Computer System Configurationsfor MLC
L eaf Prescription

For effective clinical application of MLCsto shaped radiation fields, field out-
lines must betranslated into ML C leaf position tables. Theintended leaf positions
contained in these tables must then be communi cated to the control computer that
drives the MLC. There are at |least three techniques utilized by manufacturers of
MLCs and treatment planning systems for doing this: (1) a workstation employ-
ing amanual digitizer and alight box, (2) an off-line workstation employing adig-
itized image of asimulator film or digitally reconstructed radiograph (DRR), and
(3) beam’s-eye virtual simulatorsthat function independently or as part of atreat-
ment planning system. Computer workstations have been developed by the vari-
ous vendors to acquire, store, and communicate the MLC prescription data.
Prescription data includes the MLC leaf settings, any required jaw settings, and
identification of the treatment field. In this discussion we will call these worksta-
tionsmultileaf collimator prescription preparation systems (MLCPPS). In addition
to vendor-supplied workstations, systems have al so been developed by MLC users
(Du et a. 1994, LoSasso et a. 1993). The MLC prescription preparation system
acquiresthe prescription images from different sources, such asfilm scanners, the
simulator’s fluoroscopic video signal, and radiation treatment planning systems.
The multileaf collimator angle and leaf and jaw positions (such as values depicted
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Figure 10. Schematic of MLC prescription preparation workstation and it relationship
to other parts of the treatment planning and delivery system employing MLCs.

in Figure 2) are set from the desired field contour defined on the prescription
images, by using different optimization criteria. Interactive graphical toolsare nor-
mally included for manual adjustment of collimator angle and leaf positions. Data
filesof thefinal leaf positionsaretransferred to the multileaf collimator controller
viaanetwork link or using other media (see Figure 10). Once MLC field shapes
can be developed through a network chain, multiple versions of an MLC field-
shape file can be saved at different locations. The existence of multiple versions
can be asignificant quality assuranceissue unlessthe systemiscarefully designed
and implemented to avoid treating the patient using an older version that defines
an undesired field shape. The software should be designed such that only one
approved treatment file is saved on atreatment file server. If edits are made to the
field shape, the treatment file should be changed only with password-protected
security. The software should be available to edit the field shape, but provisions
for revising the file that will be used clinically should be clearly indicated and a
verification of the new shape required.

a) Manual Digitizer and Lightbox

Theleaf positions can be determined by digitizing aprojected treatment portal
using a digitizing tablet. A contour of the desired portal is drawn by hand using
the digitizer. Software provided by the MLC manufacturer positions the leaves
relativeto the digitized portal using one of the algorithms described below. In gen-
eral, digitizing tablets consist of a pointing device, aflat panel on which to place
afilm or other hard-copy portal graphic depiction, and hardware and electronics
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to determine the location of the pointing device. The flat panel is backlit to assist
in the digitization of portals marked on radiographic film. Digitizing tablets use a
variety of techniques to determine the position of the pointing device, such asthe
stereographic determination of the sound of a spark generated at the end of a pen-
shaped pointing device. In each case, the location of the pointing device is deter-
mined by the measurement of a physical quantity that is related to the location of
the pointer. Thisis accomplished by a calibration procedure dictated by the digi-
tizing manufacturer and integrated into the software provided by the MLC man-
ufacturer. The calibration procedure may involve the determination of the
orientation and scale of fiducial pointsin the radiographicimage (for example, the
digitization of three points at a predetermined relative orientation). The system
may then require that the radiographic film be placed in a precise orientation and
location relativeto the calibration points. Other calibration schemesmay allow rel-
atively arbitrary orientation and placement of the film. In these cases, the orien-
tation and location of the isocenter and collimator axes will be identified.

b) Raster Film Digitizer

Some MLCPPSs use raster digitized images. The field prescription can be
acquired by digitizing the simulation film with such a film digitizer (Du et al.
1994). Theimage of the simulation film isdisplayed for the operator, and thefield
prescription may be traced out with a pointing device such as amouse. The loca-
tion and rotation of the treatment field axes, and the magnification of the digitized
image are then established using fiducia points within the simulator film image.
The advantage of this approach over the manual digitizer is that anatomic infor-
mation istransferred to aid the operator in the process of setting and verifying the
MLC leaf positions.

¢) Virtual Simulation

Finally, the ML C | eaf positions may be defined using avirtual simulator. A vir-
tual simulator consists of software and hardware that uses volumetric patient infor-
mation (e.g., from avolumetric CT study) to conduct an off-line simulation of the
patient. External radiation beams can be applied, with the generation of BEV's,
DRRs, and, after contouring of target volumes, automatic portal definition. MLC
control files may aso be generated using the software.

d) Prescription Data Transfer

The prescription data can be recorded in both soft and hard forms. The
ML CPPS should provide data pathways between computers in the hospital and
outside world (for example, treatment planning workstations) and the computers
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controlling thelinear accelerators. Thedigitizing station will likely not bethe same
computer as used for treatment. Therefore, a strategy must be in place to transfer
the ML C setting file from the digitizing station to the treatment computer. The col-
limator leaf coordinates can be downloaded to the ML C control unit viaanetwork
link, can be transferred using floppy disks, or can be printed out for manual entry
at the MLC system. The simplest of these schemes is to use a floppy disk. The
files are downloaded using either built-in transfer routines in the manufacturer’s
software, or by afile copy or move routine using DOS, Windows, or another oper-
ating system. The floppy isthen physically inserted into the controlling computer
and the file accessed or copied for routine clinical use.

However, the technology of choiceto achievethisdataflow isalocal areanet-
work (LAN). In most cases, transferring the data through the network is the most
convenient and reliable method. With the use of the MLCPPS, the average time
to digitize the MLC fields can be reduced to about 10 minutes. Small modifica-
tions of the field shapes can be efficiently accomplished as well. For security rea-
sons, the segment of the LAN that contains the accelerators should be protected
from other segments of the LAN by the use of different communication protocols
and a bridge or router. Thereis awide variety of network hardware and software
available to allow access of one computer’s file system from another computer.
The MLC file can either remain resident on the digitizing computer, be placed in
an intermediate file server, or be transferred through the network to the control-
ling computer. The advantage of keeping the file on afile server is that only one
copy of the file needs to be produced. However, normal clinical operation then
relies on continuous network access. If the network fails, then either clinical treat-
ments cease, or atemporary backup datatransfer system must be employed (e.g.,
floppy disks). Copying the MLC files to the controlling computer may facilitate
clinical operation during network problems, but they entail an additional step of
copying the ML C filesto the local hard drive and keeping track of thefile copies.

This strategy can also be used if the MLC leaf setting computer is a commer-
cial treatment planning system. Most modern systems make extensive use of local
area networks for communication with peripheral and data acquisition devices
(such as CT). Therefore, aLAN isideally suited for MLC-file transfer if thefiles
aregenerated using the treatment planning system. Three-dimensional (3-D) treat-
ment planning computersare or will be capable of setting the ML C leaves and gen-
erating the appropriate control files for downloading to the MLC.

2. MONITOR UNIT CALCULATIONS

Monitor unit (MU) cal culation requires both in-air and in-phantom scatter fac-
tors, which are commonly denoted as Sc and Sp, respectively. Theuseof an MLC
for field shaping does not change the way the in-phantom scatter is calculated.
The in-phantom scatter depends on the final field size projected on the patient.
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Methods for calculating in-phantom scatter are well established and they will not
be part of this report.

The main difference in MU calculation when an MLC is used for field shap-
ing isin the determination of the in-air output ratio Sc, which is also referred to
as the collimator scatter factor, the (in-air) output factor, and the head scatter
factor. Traditionally, when radiation fields are shaped with collimator jaws and
cerrobend blocks, two different equivalent field sizes are used for determining the
in-air and in-phantom scatter factors. The effective square field size of the rec-
tangular field shaped by the collimator jaws is used to determine the collimator
scatter factor (usually from alook-up table) and the irregular field shaped by the
cerrobend block is used for in-phantom scatter calculations. For irregular fields
shaped with an ML C, an accurate method for MU cal cul ations depends upon the
MLC design, as explained in the following.

A. ThePhysicsof In-Air Photon Scatter

The change in in-air output with field size is a well-understood phenomenon.
Although it isreferred to asthe collimator scatter factor, the major contributionis
not from the motorized variable collimators but from other partsin the treatment
head as pointed out by Patterson and Shragge (1981); Kase and Svensson (1986);
Luxton and Astrahan (1988); Dunscombe and Nieminen (1992); Jaffray et al.
(1993); Ahnesjo, Knoos, and Montelius (1992); Ahnesjo (1994,1995); McKenzie
and Stevens (1993); Chaney, Cullip, and Gabriel (1994); Sharpe et a. (1995); and
Zhu and Bjarngard (1995). Different models have also been proposed to predict
the output factors (Dunscombe and Nieminen 1992; Ahnesjo, Knoos, and
Montelius 1992; Sharpe et al. 1995; Lam et al. 1996). All these models consider
the photons reaching the calculation point in air from both a focal point source
and an extended extra-focal source. Theextra-focal sourceisnot aphysical source
but avirtual source modeled to include all the scatter photons in the photon beam
coming from above the secondary collimator. The location of the extra-focal
source can therefore be considered anywhere above the secondary collimator
although most of the models consider it to be at the bottom of the flattening
filter. Depending on the design of the accel erator head, backscatter from the col -
limators to the monitor chamber may also contribute to the output variations
with collimator settings (Huang, Chu, and Bjarngard 1987; L uxton and Astrahan
1988; Kubo 1989; and Duzenli, McClean, and Field 1993). These studies pro-
vide the physical background for predicting the machine output variations with
field size.

Based on these understandings, the collimator scatter factor at a calculation
point ismainly determined by the area of the extended source as seen by this point
through different level s of collimators. For linear accel erators equipped with con-
ventional jaws, because the upper collimator jaws are closer to the source than the
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lower jaws, the same size of opening made by the upper and the lower jawsin the
BEV aredifferent when viewed from the point of calculation. A collimator setting
that projectsasquarefield into the BEV will project arectangle when viewed from
the point of calculation to a plane at the bottom of the flattening filter. Asaresult,
a4-cm x 8-cm field and a 8-cm x 4-cm field will, by definition, project as equal
areasin the BEV projection, but will project into different areas in the flattening
filter plane, and therefore will exhibit different in-air outputs. Thisis commonly
known as the collimator exchange effect. For the same reason, the position of the
MLC in the treatment head determines how the collimator scatter factors can be
calculated accurately.

When an MLC isimplemented as an upper or lower jaw replacement of a sec-
ondary collimator, the MLC affects the output factor much more strongly. The
radiation field is defined jointly by both the MLC and the remaining set of jaws.
The output factors must then be calculated using the irregular field shape instead
of the rectangular field circumscribing it. Depending on which set of jaws the
MLC isreplacing, different methods should be used.

B. MLC Replacesthe Upper Jaws
in the Secondary Collimator

If the MLC islocated at the position of the upper jaws in the secondary colli-
mator, asin the Philips ML C design, theirregular field shape determines both the
collimator scatter and the phantom scatter. In the Philips design there is a pair of
jaws of small height (also called backup diaphragms) situated under the MLC
leaves and motorized to travel in the same direction as the leaves. These backup
jaws serveto block theinterleaf transmission outside the radiation field. They are
normally set at the same position as the outermost leaves and make only a small
contribution to the head scatter. The lower jaws, which move in a direction per-
pendicular to that of theleaf travel, define the beam aperturein that dimension and
block the transmission from the gap between the ends of any opposing banks of
leaves outside the radiation field. Although the lower jaws form part of the field
boundary (in BEV), they generally do not restrict the view of the extended extra-
focal source from the calculation point. Thisisbecause the leaves above the lower
jaws are set at closed positions outside the radiation field. Therefore, the collima-
tor scatter factor is determined mainly by the MLC shapes. There is little colli-
mator exchange effect. If there is no additional tertiary blocking, the same
ML C-formed field shape could be used for calculating both the collimator scatter
factors and the in-phantom scatter factors. Thisimpliesthat the equivalent square
fields obtained from in-phantom irregular field calculations can be used to look
up in-air output factors and vice versa, provided no other field shaping deviceis
used. Palta, Yeung, and Frouhar (1996) measured the collimator factors of circular,
diamond, and dliptical fields formed by the Philips MLC and concluded that the
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collimator scatter factor can be accurately described by calculating the equivalent
sguare of the ML C-shaped field.

C. MLC Replacesthe Lower Jaws
in the Secondary Collimator

If the ML C replacesthe lower jawsin the secondary collimator, asinthe MLC
designs of Siemens and Genera Electric, both the MLC leaf positions and the
upper jaw positions determine the collimator scatter factor. Since the jaws are
closer to the effective collimator scatter source, they define the field aperture in
the dimension perpendicular to the direction of leaf travel in boththe BEV and in
the projection of the calculation points. The in-air output factors show collimator
exchange effect. Unlike the ML C design where the ML C replaces the upper jaws,
different field shapes should be used for determining the in-air and in-phantom
scatter parameters. The collimator scatter factor should be determined from the
irregular fields viewed from the calculation point. Different methods can be used
to calculate the collimator scatter factor as described in section E below.

D. MLC asTertiary Collimator

Aswith cerrobend blocks, whenthe ML C is used as atertiary collimator along
with the upper and the lower collimator, the collimating elements defined by the
MLC iscloser to the plane of any given calculation point than the upper or lower
jaws. Unless the ML C-shaped field is substantially smaller than the rectangular
field formed by the secondary collimator jaws, thetertiary blocking boundary will
not affect the projection of the field size from the calculation point back to the
effective scatter source. The jaw opening primarily determinesthe collimator scat-
ter factor. The method of MU calculation is the same as the traditional method
using cerrobend blocks. The in-phantom scattering parameters are calculated
using the final field shape projected into the phantom.

The Varian MLC is a tertiary blocking configuration. The secondary collima
tors are unaffected by the installation of the MLC, and therefore provide the same
scattered radiation fluence as a function of collimator setting as the same acceler-
ator model without an installed MLC. Boyer et a. (1992) demonstrated that the
effect of theMLC on central axisMU calculationsis similar to that of a cerrobend
block. Therefore, parameters used in monitor unit calculations that utilize the
blocked field size will instead use the ML C-defined portal size, while parameters
that are functions of the collimator setting are affected insignificantly by the pres-
ence of the MLC. For example, Boyer measured the dose rates of square fields
blocked to 50% of the collimator-defined areas. The doserates of these portalswere
compared against dose rates calculated using procedures defined for cerrobend
blocking. The measurements were made at depths ranging from dmax to 20 cm.
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For 6-MV and 18-MV beams, the measured dose rates were found to agree with
calculation to within 1.7% and 2.5%, respectively. However, it isimportant to note
that the machine output can deviate from the predicted when the area of the field
shaped by the tertiary collimation is less than about 50% of the original field area.
Asthefield areaformed by thetertiary collimator decreases below 50% of the sec-
ondary collimator shaped field, the output factor falls below that predicted based
on the settings of the secondary collimator jaws. This can beimportant when inten-
sity modulated beams are delivered using dynamic multileaf collimation without
the collimator jaws tracking the individual field segments.

E. Methodsfor Calculating Collimator Scatter Factors
of Irregular Fields

When theradiation field is shaped by collimator jaws, the collimator scatter fac-
tors for the rectangular fields are estimated by computing the equivalent squares
using their area to perimeter ratio (Day and Aird 1983). The collimator scatter
factor for arectangular field is assumed to be the same as that of the equivalent
square field, which can be interpolated from measured output factors of square
fields. When the field shape formed by the secondary collimator isirregular, itis
less clear what method for calculating the collimator scatter factor will produce
an acceptably accurate value. Because the physical origin of collimator scatter
remains unchanged when an ML C isused for radiation field shaping, many meth-
ods based on extrafocal radiation sourcesfor calculating collimator scatter factors
of rectangular fields can be used to estimate the collimator scatter factors of ML C-
shaped irregular fields.

The methods which can be readily applied for calculating collimator scatter
factor for ML C-shaped irregular fields are those based on convol ution/superposi-
tion algorithms (Ahnesjo, Knoos, and Montelius 1992; Sharpe and Jaffray 1995).
If the extended extrafocal source can be assumed to beradially symmetric, meth-
ods commonly used for in-phantom scatter cal culations, such asthe conventional
Clarkson sector integration method (Clarkson 1941), can aso be borrowed for
calculating the in-air scatter. Collimator scatter factor can also be integrated
radially or in both x- and y-dimensions if the derivatives dSc/dr (r is the radia
distance from the central axis) or 0S_/(0xdy) can be derived from measurements.
For theseintegration methodsto be valid, the field dimensionsin both the meas-
urements and the calculations should be projected from the calculation point
back through the collimation system to the effective source plane. When sector
integration is used, the collimator scatter factor for zero-field size has to be
extrapol ated from measured results similar to the derivation of scatter-air ratios.
Collimator factor calculations for ML C-shaped fields are still an area of active
research.
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3. MLC ACCEPTANCE TESTING, COMMISSIONING,
AND SAFETY ASSESSMENT

A. Acceptance Testing

The ML C should function according to manufacturer specifications. Acceptance
testing providesthe opportunity for the user to become familiar with the MLC and
to confirm that it does in fact meet the stated criteria for acceptance. These tests
do not guarantee long-term accuracy and reliability. As with other equipment,
frequent QA testing should be performed initially, and as confidence builds, the
frequency may be relaxed to balance effort with anticipated need.

a) Mechanical AxesAlignment

Since the mechanical axes of the accel erator form the basisto which most major
systems (e.g., optical, radiation) are referenced, athorough check of the mechan-
ical axes alignments should be performed. These include gantry axis, collimator
axis, and combined rotationswith couch rotation, and jaw and leaf symmetry with
the collimator axis. Except for the last check, these tests are those routinely per-
formed during an accelerator installation. Special consideration isin order when
the MLC isretrofitted to the accelerator. During accelerator installation, mechan-
ical and radiation parameters are established such that the overall agreement of
measured light and radiation field dimensions with the digital jaw position indi-
cation iswithin specifications. This may include adjustments to the machine head
at the time of the accelerator installation without consideration of a subsequent
MLC installation. Furthermore, the weight of the ML C adds a burden to the treat-
ment head support structures. For these reasons, the overall alignment may be
degraded with the addition of an MLC. The installation of an MLC on existing
equipment should be accompanied by measurements sufficient to realign the orig-
inal equipment, if necessary.

b) Optical Axes Alignment

Typically, once the mechanical axes of the collimator and the gantry are
aligned, the optical and radiation axes are checked. This may be carried out with
a series of light and radiation coincidence tests that compare fields having colli-
mator angelsthat differ by 180°, using the collimator projectionsasreference. This
test will also detect flat collimator faces that are out of focus with the source.
Collimator and gantry spoke shots are also useful and should be registered to the
mechanical isocenter. Any misalignment is generally more seriousfor collimators
which are closer to the source due to geometric magnification. Therefore, focused
MLCs that replace the conventional jaws require the most careful alignments,
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while ML Cswith rounded leaf faces which arelocated below thejaws are usually
within tolerances met by the jaws. Accordingly, these parameters should be tested
for thefollowing situations: (1) jaws or backup diaphragms alone and (2) selected
leaf ends and sides from selected |ocations within the leaf banks, across the full
range of motion, at 0°, 90°, 180°, and 270° gantry angles.

(c) MLC Performance

Appropriate tests should be conducted for the following parameters:

Projected leaf width at isocenter. The width of the x-ray attenuation of aleaf at
isocenter is sensitive to the source-to-MLC distance, and it should be verified
during acceptance. The errorsin leaf position can be compensated for using soft-
ware corrections at the time the apertures are configured. However, for the sake
of uniformity among machines, this condition should be corrected during instal-
lation of the MLC.

Leaf position calibration. Different techniques are used by the various vendors
to calibrate the ML C leaf-position encoders. The Elekta system is calibrated by
aprocedure that requires setting the leaves to known positionsto establish alook-
up table to translate the pixel addresses of the leaf ends obtained from the opti-
cal image of the leaves, to the leaf positionsin the plane of isocenter. The Varian
system employs a collimated optical beam that is projected across the paths of
the leaf ends. Each time the MLC control system is rebooted, the individual
leaves are extended, one at atime, until they block the beam. The procedure resets
registers associated with the individual shaft encoders. The register contents are
used along with parameters established at the time of installation to determine
the physical position of the leaves. The translation to the projection of the leaves
to isocenter isthen accomplished using alook-up table. The manufacturer’s cal-
ibration procedures should be verified by checking the projected leaf positions
over the entire range of travel of the leaves. Where calibration parameters are
maintained in a file on the computer, these values should be recorded by the user
and checked periodically. In the event that the leaves require recalibration by the
user, acheck of these stored valuesis recommended before proceeding. The cal-
ibration should be checked periodically during acceptance to observe the stabil-
ity of the calibration with time. It is recommended that the leaves be exercised
for at least several hours, perhaps overnight if there is an option to do this auto-
matically.

ML Cswith curved leaf faces produce a radiation field which has its 50% flu-
ence point shifted under the leaf. Furthermore, this offset might be different asthe
leaves traverse the field. A multiple-exposure technique has been suggested for
determining the position of the 50% fluence point relative to the physical leaf end.
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Figure 11. Diagram showing the alignment of 5-cm wide strips formed by the MLCs
irradiating abutting rectangul ar fields. The degree of dose uniformity along the match lines
is a sensitive measure of the alignment of the leaf position indicators, the light field, and
theradiation field.

Radiographic film is placed in the plane of isocenter at full buildup. One should
expose the film to 8 fields set by the MLC leaves (e.g., 5 cm x 40 cm centered
every 5 cm) using equal monitor units sufficient to produce a net optical density
of approximately 0.75 (see Figure 11). The match line for any two fieldsis placed
at 5-cm intervals from the beam center axis. The leaves for the right side of the
left-most field in Figure 11 (Field 1) are extended 15 cm over the midline for
the first exposure. The leaves on the left side are drawn back 20 cm from midline
(the maximum retraction). The leaf positioning should be checked with graph
paper on the treatment table at the isocenter distance during the film measure-
ments. For the Varian system and focused leaves, the leaves should move to their
nominal positions. Leaves of the Phillips ML C (adjusted to the 50% fluence line)
should extend beyond these positions dlightly. A piece of graph paper placed on
the treatment table at i socenter distance can be used to check thetravel of thelight
field. The multiple exposure film should show dose homogeneity along the match
lines for both systems. Any leaves out of alignment with their neighbors will be
immediately obvious. Deviation of the net optical density along the match line of
about 20% above or below the average net optical density indicates a positioning
problem. The Elekta ML C should aso produce a relatively smooth distribution
sincetheround leaves areintentionally overlapped by asmall amount. TheVarian
MLC, for which thelight field edges should abut, are expected to produce amore
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denseregion along the match line (to about 20% above the average net optical den-
sity). Thefilm can be scanned along aline perpendicul ar to the high-density region
using amicrodensitometer. This scan will show a peak, which can be analyzed to
determine the distance inside the leaf where the fluence falls to 50%. This is
approximately equal to 1/2 the FWHM (full width at half maximum) of the peak
after the density well away from the match line has been subtracted. The distance
should be approximately 0.5 mm for the 15 MV beam on a Varian 2100C unit
(Galvin, Smith, and Lally 1993). The offset of the 50% position relative to the
point where the tangent line touches the leaf face might be different for various
positions of theleavesinthefield. Thisisbecause some collimators use end shapes
that do not follow a smooth curve. For example, the Varian collimator has a flat
portion on the leaf face. Thistest is also sensitive to other parameters such as the
leaf calibration accuracy and variationsin the light and radiation coincidence with
position in the field.

Leaf travel. The leaves and/or carriages should reach their maximum specified
ranges in both directions.

Leaf speed. The maximum speed of leaves and/or carriages should be verified.
Theindividual |eaves should movein acontinuous smooth motion over their range
of travel. Leaves which lag behind may be indicative of a problem which could
lead to failure of the ML C and should be addressed as soon as possible.

Transmission. Leaf transmission, inter-leaf transmission, and transmission
beneath leaves and jaws combined should be measured and compared to the man-
ufacturer’s specifications. This can be accomplished with avariety of methods. For
example, with the jaws set to a 10-cm x 10-cm field, the leaves are first retracted
to obtain a reference dose and then completely closed such that their faces are
blocked by the jaws. If a calibrated film scanning system is available, then mid-
leaf and inter-leaf variations can be quantified directly from film exposed to open
and closed ML C fields. Alternately, alarge-areaion chamber can be used to meas-
ure the average transmission over severa adjacent leaves. Film should be used in
any case to ensure that the maximum interleaf transmission is within acceptable
limits.

Mid-leaf and inter-leaf transmissions should be performed at multiple gantry
and collimator angles, particularly at configurationsin which the interleaf spaces
are horizontal to thefloor (i.e., leaf sides*hang” with gravity). These tests should
also be performed with the leaves at their extreme negative location (i.e., travel
across central plane).

Leakage between | eaf facesin the closed position. The radiation beam cannot be
completely blocked by closing opposed leaf pairs of the MLC, especially when
rounded |eaves are used. Even when the leaves are allowed to touch, the fact that
the 50% fluence line lies inside the leading edge of the round face allows an
increased amount of radiation to pass. This situation is made worse when an

32



additional gap isused to avoid mechanical contact of opposed |eaves when closed.
In order to minimize the unattenuated beam through this gap, the width of the gap
on the central axis should be checked. This can be done for gaps on and off the
axis by using film. For this reason, when it is necessary to close the leaves, the
junction point is usually protected with one of the secondary jaws or by means of
one of the follower collimators on the Philips system. If it is not possible to protect
thejunction, it isbest to close the leaves away from the beam centerline. In thisway,
thedirect line of sight between the opposed leaveswill be reduced, and the fan rays
produced for multiple treated fields will not intersect along the same line as the
gantry isrotated.

d) Field-Shaping Software

Any commercia software used to create irregularly shaped fields should be
thoroughly tested before clinical implementation. Users should test al input
devices, preprogrammed shapes and manipulations, program and display accura-
cies, etc. Attached input and output devices should be checked to ensure that spa-
tial dimensions are accurately acquired and returned.

If an MLCPPS is used, the accuracy of the MLC leaf placement depends on
the accuracy of the film digitizing system. Recommended manufacturer calibra-
tion procedures must be followed to assure consistent digitization accuracy. For
commissioning, regular geometric fields should be digitized and the resulting
MLC leaf positions checked to identify problemswith identification of the origin
and the scale. For example, a series of square contours should be digitized cen-
tered on the center of atablet digitizer starting with a 10-cm x 10-cm field and
extending in 10-cm increments up to the maximum size of the digitizer tablet. Any
internal digital representations of the contours should be checked against theinput
dimensions where possible. Then the square contours should be plotted and the
results checked against the original input contours. A similar set of tests should be
devised for araster scanning digitizer. ML C shape files should be generated from
these contours. The files should then be used to set aseries of MLC fields, and the
light fields and radiation fields produced by thefiles should be checked. The match
between input and field shape should be consistent with the manufacturer’s spec-
ifications. Asafinal check, aseriesof typical irregular field shapes should be dig-
itized and compared to readouts, optical shapes, and radiation shapes.

B. Commissioning

a) Transmission

The average of leaf and interleaf transmissions should be lessthan 2% although
the maximum transmissions are 1%—2% higher between leaves for some of the
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commercially available ML Cs. For the purposes of planning treatments, the aver-
age transmission is sufficient.

b) Central AxisProfiles

The same dosimetry data that is used for conventional collimators must be
either shown to apply to the ML C-shaped fields, or else the reasons for the dis-
crepancies determined. At least a subset of the central axis tissue-phantom ratios
(TPRs) [or tissue-maximum ratios (TMRS)] or percentage depth dose (PDD)
should be checked.

c) Penumbra

Small variationsin penumbraare measurablefor flat focused leaf ends. Rounded
leaf ends have dlightly broader penumbradue to increased transmission through the
thinner leaf ends. The desirability to incorporate ML C penumbra into treatment
planning beam data is dependent upon the planning system’s capabilities, the use
to which the profileswill be applied, and the frequency with which the MLC will
be used. Beam profiles should be measured with special caretaken to acquire accu-
rate datain the penumbraregion. The profiles of both symmetric and some asym-
metric fields should be acquired to check the off-axisratios (OARS). If possible,
treatment-planning data should be augmented with OARs measured with the
MLC.

C. Safety Assessment

The assessment of safety with accel erators and associated devicesistested only
minimally in a manufacturer’s acceptance procedures. Additional safety tests are
warranted because of the increased complexity of an MLC. The use of multiple,
conformed MLC fieldsin either static or dynamic modes will render the conven-
tional use of visual inspection asadaily verification of field shapesimpractical or
impossible. Active interlock checks should be carried out for leaf and jaw posi-
tional tolerances. These measurements should include assessment of software
interlocks, hardware interlocks, and other possible independent systems. Non-
activeinterlocks designed to prevent unauthorized motions should betested. These
would include procedures such as dynamic imaging of field shape, motion enable
power lineinterrupt, etc. Communication link interlocks are provided to ensurethat
the heavy data traffic that flows between the control computers and the accelera
tor hardwareis not corrupted. Means of intentionally corrupting the data should be
carefully discussed with the manufacturer. Tests should be devised to demonstrate
that the interlocks are functioning to detect true positive data errors. Interlock
checks to ensure the software will not allow a trailing edge of a leaf to be
unshielded by the jaws must be performed.
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Table 3. Multileaf Collimation Quality Assurance’

Frequency Test Tolerance
Patient Check of MLC-generated field 2mm
Specific vs. simulator film (or DRR)
before each field is treated
Double check of MLC field by Expected field
therapists for each fraction
On-lineimaging verification for Physician discretion
patient on each fraction
Port film approval before Physician discretion
second fraction
Quarterly Setting vs. light field vs. radiation 1mm
field for two designated patterns
Testing of network system Expected fields over network
Check of interlocks All must be operational
Annually Setting vs. light vs. radiation field 1mm

for patterns over range of gantry
and collimator angles

Water scan of set patterns
Film scans to evaluate interleaf

50% radiation edge within 1 mm
Interleaf |eakage <3%, abutted

leakage and abutted | eaf leakage <25%
transmission

Review of proceduresand in-service  All operators must fully
with therapists understand operation and

procedures

"Thistableis reproduced in part from Klein, Low, and Purdy (1996).

Other interlocks provided to prevent the linac from damaging itself should be
checked. These interlocks are highly vendor dependent and their tests will need
to be designed based on a clear understanding of what interlocks have been pro-
vided and how they work. A discussion of all theinterlocks provided by the vari-
ous vendors is beyond the scope of this report. Such interlocks generally include
detection of motor stalls, software detection of potential leaf collisions, etc.

For routine QA, we have outlined a quarterly and annual program that ensures
accuracy, consistency, and checksfor interlocksand the ML C'sdurability. A sum-
mary of checksisfound in Table 3. An important aspect of a QA program isrou-
tine in-servicesto therapists. Performing only an introductory in-service prevents
finding out about problems before they happen. Feedback from therapistsis essen-
tial in evaluating the need for changesin written procedures, software settings, and
requests for future modifications by manufacturers.
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4. CLINICAL APPLICATIONS

A. Leaf Placement Strategies

To realizethe potential benefits of ML Cs, it isimportant that their use beincor-
porated into the planning process as efficiently as possible. Manual placement
of each of the 52 to 80 leaves that define an MLC portal is unacceptably time-
consuming. Thus, some automated method embedded in a treatment planning
system or using an ML CPPS as described above must be employed. Treatment
planning systems are becoming available that can be used to define MLC fields
that conform to BEV projections of planning target volumes (PTVs). The pre-
scription procedures using the MLCPPS generally parallel the conventional ones
using cerrobend blocks. More specifically, the MLC prescription procedures are
carried out by means of the following steps:

a) Definition of Target Area

MLC leaf positions have been based on a variety of criteria. These optimiza-
tion criteria can be categorized as geometric and dosimetric. Rotation and trans-
lation of the collimator are often required for the best conformation. The best
collimator angle can be set automatically by an algorithmic search through all the
possible angles, or it can be set manually. The MLCPPS must consider all the
physical constraints of the MLC system so that the prescribed leaf positions can
be delivered. Interactive manua adjustments of individual leaves and other
parameters are often necessary.

Geometric methods align each leaf with the continuous contour of the portal
aperture or with the projection of the PTV (ICRU 1993) as indicated on a simu-
lation film or DRR by a radiation oncologist. The determination of the target
volumeis, of course, critical to the success of the therapy. The ML C should then
be set to define the treated volume (ICRU 1993). It is essentia that a clear under-
standing exist of the interpretation and significance of the contour to which the
MLC leaves are set. The target areais defined based on the prescription image.
For conventional radiation therapy, the prescription image is the ssmulation film
and the physicians draw field prescriptions directly on films.

b) Optimization of MLC Conformation

Assuming that a clear understanding of the interpretation of the field outline
contour has been established, the boundary of the treatment volume, projected in
the direction of the field to be collimated, can be digitized by one of the several
methods available to create a closed contour defined by afinite set of points, x;
andy;.
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Figure 12. lllustration of three strategies for positioning MLC leaves at the nominal
field boundary. (a) “out-of-field placement,” (b) “in-field” placement, (c) “cross-boundary”
placement.

The technical problem is to determine the best positions for the MLC leaves.
The use of cerrobend blocksto form tertiary field margins has provided radiation
oncologists a means of continuously matching the boundary of the collimation
with the projection of thetreated volume. However, when ML Cs are used, the col-
limation occursin discrete steps.

To determine the optimal position of the leaves automatically with acomputer
algorithm, several treatment machine-dependent characteristics must be made
known to the algorithm, such as the number of leaves, their widths, travel limits,
source-to-MLC distance, and relative leaf travel direction. Then the MLC (and
jaws) may be placed relative to the target contour shape. Three leaf coverage
strategies that have been used areillustrated in Figure 12. In thisfigure the leaves
are shown shaded and placed relative to the desired effective treatment field con-
tour. The three classes of strategies are the “out-of-field” strategy illustrated in
panel (a), the “in-field” strategy illustrated in panel (b), and “cross-boundary”
strategies typified in panel (c). Each strategy uses the intersections of the effec-
tive field contour with the projections of the trajectories of the sides of the ith
leaf. Thetrajectories of thesidesof theith leaf areindicated by y; andy;" in Figure
12. Theintersections of the treatment field contour with the trajectories of the | eaf
sideswill be denoted by x; and x;". The out-of-field strategy avoids shielding any
part of the projected treatment volume. This strategy has been recommended as
being the most conservative because it avoids shielding any part of the treatment
volume.

Tighter coverage than the continuous aperture occurs when the in-field strat-
egy illustrated in Figure 12 by panel (b) isused. Thisapproach is conservative with
respect to normal structures that abut the treatment volume. It may be useful for
3-D multiplefield techniques when other fiel ds are added, where theisodose lines
in the BEV planefor asingle field shift outward.
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Figure 13. Demonstration of the “out-of-field” areabetween A and B and the “in-field”
area between B and C.

The most widely used methods are cross-boundary techniques indicated in
panel (c) of Figure 12. One must specify mathematically what one considers to
be the optimum condition for positioning the leaves. In Figure 13 the intersec-
tions of the projections of theleaf lying betweeny; andy;" with thetreatment field
contour are the points A and C. One criterion that has been used is to minimize
the sum of the out-of-field area between A and B, and the in-field area between
B and Cin Figure 13. It can be shown (Frazier et al. 1995a) that this criterion is
met when the leaf position is selected such that the treatment field contour bisects
the projection of theleaf end. The mathematical implementation consists of find-
ing the intersection of the treatment field contour with the line represented by
y =(y; +y;")/2. For convex field contours, minimizing the sum of thein-field and
out-of-field areas results in an unblocked out-of-field area between A and B that
isgreater than the ML C-blocked in-field areabetween B and C. For concavefield
contoursthe same procedureresultsin anin-field areathat isgreater than the out-
of-field area.

Another condition for optimizing the leaf position has been the criterion that
the in-field area be equal to the out-of-field area (LoSasso et al. 1993). Thisis
equivalent to minimizing the least-square difference between the leaf end and the
contour segment in the leaf track (Yu et al. 1995). The value of x to which the leaf
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isset isthen

[ty

x==1
Yi 7Y

(4)

The leaf isset to apoint B in Figure 13 that has the properties that the area of
the treatment field projection shielded by the leaf (the horizontal shading between
B and C) isequal to the area outside the projection of the treatment field (the ver-
tical shading between A and B). Since most radiation fields have more convex
intersections with leaves than concave intersections, having the treatment field
contour simply bisect the end of the leaf usually produces collimation that
encroaches less into radiation field than equalizing the in-field and out-of-field
areas (Frazier et a. 1995a).

Theleaves at the upper and lower margins of the field must be handled as spe-
cial cases. At these limits, the photon jaws can be placed exactly tangent to the
treatment field contour. For both the all leaves in-field and the al leaves out-of-
field strategies, the extreme leaves may then be set using the out-of -field method.
Thiswill avoid leaf settingsthat call for an overlap condition. For the cross-bound-
ary method, the superior and inferior leaves may be handled asif their leaf width
extended only from the leaf's in-field edge to the projection of the photon jaw.

B. Techniquesfor Determining the L eaf Positions

The prescribed field shape and the ML C leaf positions are normally displayed
for verification of correct MLC conformation. It is also desirable to have dosi-
metric information overlaid on the prescription image. If the MLCPPS contains a
raster digitizer, it can be madeto serve asafilm dosimetry system (Du et al. 1994).
Isodose contours can be calculated from in-phantom film measurements of the
ML C-conformed field at the prescription depth and overlaid onto the digitized
simulator film image. Fast BEV isodose calculation can also be incorporated into
the MLCPPS to provide instant evaluation of MLC prescriptions.

It may also be desirable to verify the stepped field shape of ML C during treat-
ment simulation. A few models of ML C simulation have been proposed (Karlsson
1994). One approach isto project the ML C field shape using an LCD (liquid crys-
tal display) device placed in the light field during treatment simulation. Physical
leaves have al so been constructed for the simulator to set the desired |eaf positions
(Kleinet a. 1995).

There may be occasions when cerrobend blocks must be used when the field
shapes are too complex for the MLC to conform without introducing gross
errors. A Y-shaped field is such an example. Field-splitting (i.e., division of a
field into simpler sub-fields) is necessary if the MLC is required to completely
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replace cerrobend blocks for beam shaping. The MLC flexibility in field shaping
seems to make this easily applicable. Good mechanical calibration of the MLC is
crucial to the field-splitting approach because the border regions of the sub-fields,
unlike the penumbra region, are highly sensitive to the precision of the leaf posi-
tion calibration. Further study on the effects of patient motion between sub-fields
isrequired to ensure the safety and accuracy of this approach.

Regardless of the automatic technique used, the ML C aperture shape may not
be logical when evaluated by the treatment planner. It is generally necessary to
adjust individual |eaves to ensure target coverage in a critical region or to avoid
small critical structures that may be close to atarget volume. If thisis not possi-
ble, alloy shaping may be the best solution. A manual leaf adjustment facility
should be provided using the BEV technique. The projections of the leaves should
beoverlaid ontheoriginal simulation film or on aDRR such that individual leaves
can be repositioned according to the judgment of the treatment planner.

Where BEV dose distributions and dose volume histograms (DV HS) are avail-
able, leaves can be adjusted based upon actual coverage of target and normal tis-
sues. This involves the manual adjustment of leavesin the BEV plane while the
isodose distribution is updated, aided by DVHs and surface dose distributions.
Ideally, this adjustment would be done automatically by the treatment planning
computer. Thisapproach requiresarather sophisticated treatment planning system
with extremely fast computational capabilities.

C. Optimization of Collimator Rotation

Rotation of the direction of leaf travel can optimize the fit of the leaf shape to
treatment target volumes. An example is the alignment of the leaf faces with the
cord axis when the cord is near the target. Geometric relationships based upon
target shape or minimization of normal tissue integral dose can drive the opti-
mization if critical structures are not the deciding factor.

Brahme'swork (1988) considers the optimal choices of the collimator anglein
order to optimize the leaf direction, depending on whether the field shape is
convex, concave-convex, or contains multiple concavities. The one conclusion
drawn by Brahme is that the optimal direction for the leaf motion isin the direc-
tion along the narrower axis. For asimple ellipse, the optimal |eaf directionispar-
alel to the short axis. One group (Du et a. 1994) has developed a method for
determining optimal leaf positioning in concert with optimal collimator angula-
tion. Their optimization schema demands the following criteria be met: (a) the
desired internal areais maintained, (b) the single leaf discrepancy is minimal, (c)
that criteria (a) and (b) are combined to be minimal. The problem with collimator
optimization isthat wedges cannot be used at any desired angle of rotation unless
two wedges are used with weights that produce a desired wedge rotation. Use of
multiple weighted wedgesintroduces alevel of complexity that decreasesthefea-
sibility of collimator optimization for MLCs.
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D. MLC Field Edge Accuracy Compared with Cerrobend

A few recent studies have compared the geometric accuracy and treatment
variation of MLC and cerrobend. Frazier et al. (1995b) examined treatment vari-
ation with the resultant dosimetric beams eye view isodoses by using on-line
portal images. LoSasso and Kutcher (1994) used analytical methods to compare
the geometric accuracy of ML C-shaped fieldswith cerrobend-shaped fields. They
found that the geometric accuracy of MLC is comparable and slightly superior
tothat of cerrobend even when considering the stepping effect of theleaves. Both
studies concluded that cerrobend block treatments are susceptible to undetected
fabrication errors. Klein et al. (1995) studied the effects of tissue heterogeneities
on penumbra and the resultant field definition. Film placed at depth was imbed-
ded in solid water, solid lung, or solid bone. The photon fluence to the film was
maintained as equivalent proximal and distal effective depths were maintained.
They found lung to increase penumbra (especially 18 MV photons) and bone to
decrease penumbra for both cerrobend and MLC. But the relatively small
increase in the ML C-generated penumbra compared to the cerrobend-generated
penumbra did not increase due to the presence of lung. Evaluation of superposi-
tion of opposed fields with MLC- and cerrobend-shaped fields consistently
showed superior superposition for the MLC fields, despite the stair-stepping
effects (Klein et al. 1995). The use of 3-D planning allows dose comparisons to
be made with conventional cerrobend shaping. Powlis et al. (1993) calculated
DVHs for aloy-shaped fields and compared them to the same fields shaped by
MLC. They also presented comparative DVHsfor target coverage and organ spar-
ing when the number of treatment fields increases (i.e., 10-field prostate plans),
with the mindset that the use of MLC affords an efficient increase in the daily
number of fields. The resultant DV Hs show little difference when comparing the
plans for which the fields were shaped using cerrobend with the plans for which
the fields were shaped using the ML C, and there were greatly improved DVHs
when the number of fields were increased. Their work concluded that improved
local control would be facilitated with the use of MLC. Brahme (1993) has con-
sidered the importance of increasing the number of fields, but placed it in minor
relevance compared with the potential of MLC in terms of intensity-modulated
beams and the future of dynamic conformal therapy. L oSasso and Kutcher (1994)
studied the differencesin tumor control probability (TCP) and normal tissue com-
pilation probabilities (NTCP) when cerrobend and ML C were used. They found
the differences to be negligible in treatment of the prostate and nasopharynx,
especially when treatment uncertainty was built into the calculation model.

Physicians, physicists, and others evaluating dose distributions and portal
films with radiation therapy fields should understand that the penumbra in a
patient is not as sharp as a portal image would indicate. Electron transport and
photon scatter at the field edge and the influences of multiple fields and patient
setup uncertainties reduce the dose gradient at the edge of the target volume,
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although these latter factors are usually not considered when quantifying penum-
bra. These diffusing effects occur for both smooth and ML C apertures. For MLC,
these effects take on an added role of smoothing the stepped nature of the dose
distribution, which is an important issue in the opinion of many users.
Unfortunately, the appearance of the MLC, as imaged, often affects the willing-
ness of the therapy community to use ML C as areplacement for blocks. The con-
cept of the “effective penumbra,” for a single field, in a reproducible phantom
geometry, does an injustice to ML C in comparison with blocks, when considered
in the context of clinical usage.

If the dose coverage of thetarget volume provided by the ML C aperture appears
inadequate, then factors other than the positions of the leaves may be responsible.
For example, narrow regions of the field, especially at large depth and low ener-
gies, are often underdosed due to decreases in photon scatter relative to the pre-
scription point. In such a situation, manipulation of the leaves locally in a
reasonable manner will not rectify the underdosage. Furthermore, it will be diffi-
cult to determine the appropriate position of the leaves using dose-based registra-
tion since the isodose level being prescribed to may not extend into this region.
By manually adjusting the leaves, one can confirm whether the underdosage is
MLC induced, although such a situation is usually obvious to the experienced
planner. The solution for the leaf alignment is to adjust the leaves until the local
dose gradient in this region is comparable to other portions of the target. The
underdosage between regions of the target would then require compensation
within the field or in conjunction with other fields, where possible, as with con-
tinuous apertures. “Island” blocking with MLC is possible, but a bit laborious
without support of the use of ML Cs with an information management system or
the use of dynamic MLC software. At least two composite fields would be
reguired. In order to shield the desired internal island region, an additional por-
tion of the desired treated field would be shielded, as the |eaves must extend from
the periphery to theisland. Therefore, the shielded portion, which needstreatment,
reguires a separate added field. The matching of the first field with the compen-
satory field is a disadvantage of this technique.

5. QUALITY ASSURANCE (QA)

A. Port Film/Light Field Checks

MLC leaf position files can be created by either digitization methods or by a
direct generation of leaf positions by 3-D radiotherapy treatment planning
(3-DRTP) system. Thefilesare eventualy transferred over anetwork system (or by
disk transfer) to the MLC controller and workstation at the treatment machine.
Prior to use, each field should be compared with the original simulation film or
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DRR. A match of light field and original shaped field should be within 2 mm for
all boundaries. If thefield isdrawn on the patient’s skin or immobilization device,
thelight field of thefield shaped by the ML C should also project at all boundaries
to within 2 mm. Some facilities may opt to forego simulating MLC fields (in the
case of afield reduction) and treat directly with the ML C-shaped field. Inthiscase,
aport film should be acquired and approved before continuation of the treatment.
Thejaw settings and field name must also be checked. Inappropriate jaw settings
could block a portion of the desired field, or generous settings could leave atrail-
ing leaf region unblocked. Once the fields and relevant information (patient, field
name) are checked, the ML C files may then be released for treatment. Electronic
portal imaging devices are particularly useful for quickly and conveniently check-
ing ML C-shaped fields.

B. Record and Verify (R&V) Computer Checks

Commercial information management systems are becoming available that
offer amodul e designed to check the ML C fields. These systemswill facilitate the
selection and transfer of the correct patient and field to the machine control com-
puters. The systems may also check theindividual |eaf settingsversus actual posi-
tions. The physicist must then assign tolerance levels for leaf position accuracy.
A tolerance of 0.5 mm isaminimum for the ML Cs with widths on the order of 1
cm. For the nonconventional ML Cswith leaves on the order of afew millimeters,
the maximum allowabl e tolerance should be about 0.5 mm.

One ingtitution that has an “eavesdrop” MLC Record and Verify (R&V)
system found average deviations of 0.6 mm over approximately 10,000 histo-
ries (Mageras et al. 1994). This system works as follows. For MLC fields
planned on the 3-D planning computer, treatment planning software generates
an MLC file containing the leaf positions. Thisfileis copied to the MLC com-
puter and to an independent disk directory for use by the R&V system. Thether-
apists enter the treatment prescription that includes the ML C file name and the
beam namefor each field into the R& V system before thefirst treatment. Before
daily treatments, the therapist selects the appropriate patient and field from the
MLC computer and from the R&V system. The MLC is physically positioned
based upon the settings in the ML C computer, although manual adjustments are
permitted. When an attempt is made to turn the beam on, the R&V system
acquires the physical leaf positions from the treatment machine. It then com-
pares the setup values to those found in the MLC file for this field (as defined
in the prescription). If there is a discrepancy, afailure occurs. Also, if either
the MLC file name or the beam name is not found, a failure occurs. Patients
not planned with the 3-D planning computer are handled differently. An MLC
file is copied to the MLC computer, but is not copied to R&V. At the time of
treatment setup, R&V acquires the settings for each field and creates an MLC
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file to be used for all subsequent treatments. Modern commercial R&V infor-
mation systems integrate the MLC fields as part of the treatment fields, avoid-
ing the need for interaction by the accelerator operator with an additional MLC
workstation.

Using computer files instead of physical blocks is a process that must be
implemented with care. Physical blocksareidentified with printed |abel s, whereas
MLC field-shape files are identified with file names. In principle, thereis no
difference between alabel printed on a blocking tray and a computer file label.
However, personnel who are unaccustomed to using computers as they try to
identify and use computer file labels can introduce errors. Since R& V informa-
tion management systems can be used to link specific MLC field-shape files to
identify treatment fields, individual MLC files do not need to be selected each
time a patient is treated. Using these systems, the MLC file is automatically
loaded into the MLC controller when the identified field is selected within the
R&V system. Oncethelink between the treatment field and the ML C field-shape
file has been verified, the field can be treated for the prescribed number of frac-
tions with reasonable certainty that the correct shape will be used each time. For
this reason it is recommended that R&V systems be implemented whenever
MLCs are used.

6. POTENTIAL FORTHE FUTURE

Treatment of shaped portalsby the use of an ML Cismoreefficient than by tray-
mounted blocks, especially when MLC field-shape files are saved and retrieved
from an information management system. The efficiency gain has alowed the
implementation of conformal therapy. In addition, computer-controlled MLCs
can be used to implement various forms of dynamic therapy including intensity-
modulated conformal therapy. However, these applications are beyond the scope
of the current report.

Networking is perhaps the most rapidly expanding application of computer
engineering. The accelerator manufacturers are offering networking systems to
integrate the planning, delivery, verification, and record keeping into a single
departmentwide program. These systems can manage treatment verification data
and can integrate images as well. When these functions are implemented with
DICOM3-RT standards, it should be possibleto integrate systems provided by dif-
ferent vendors into the same program.

It now seems feasible that off-the-shelf systems that employ ML Cs can now,
or will soon, be integrated into programs that fit the individual needs and
resources of awiderange of therapy facilities. Such programswill beimplemented
and tested over the next few years.
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Task Group #64, Reprinted from Medical Physics, Vol. 26, Issue 10,
October 1999

“Recommendations of the AAPM on *®Pd Interstitial Source
Calibration and Dosimetry: Implications for Dose Specification and
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