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Maria N. Graves,® Antoinette V. Thompson,” Mary K. Martel, Daniel L. McShan, and
Benedick A. Fraass

Department of Radiation Oncology, University of Michigan Medical Center, Ann Arbor,
Michigan 48109-0010

(Received 5 March 2001; accepted for publication 28 August 2001

Multileaf collimator (MLC) systems are available on most commercial linear accelerators, and
many of these MLC systems utilize a design with rounded leaf ends and linear motion of the leaves.
In this kind of system, the agreement between the digital MLC position readouts and the light field
or radiation field edges must be achieved with software, since the leaves do not move in a focused
motion like that used for most collimator jaw systems. In this work we address a number of the
calibration and quality assurance issues associated with the acceptance, commissioning, and routine
clinical use of this type of MLC system. These issues are particularly important for MLCs used for
various types of intensity modulated radiation therdRT) and small, conformal fields. For
rounded leaf end MLCs, it is generally not possible to make both the light and radiation field edges
agree with the digital readout, so differences between the two kinds of calibrations are illustrated in
this work using one vendor’'s MLC system. It is increasingly critical that the MLC leaf calibration
be very consistent with the radiation field edges, so in this work a methodology for performing
accurate radiation field size calibration is discussed. A system external to the vendor’s MLC control
system is used to correct or handle limitations in the MLC control system. When such a system of
corrections is utilized, it is found that the MLC radiation field size can be defined with an accuracy
of approximately 0.3 mm, much more accurate than most vendor’s specifications for MLC accu-
racy. Quality assurance testing for such a calibration correction system is also demonstrated.
© 2001 American Association of Physicists in Medicid®OI: 10.1118/1.1413517]
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INTRODUCTION ends causes the projected light field, the radiation field, and
the absolute linear position of the leaves to be different from
Many multileaf collimator systemsMLCs) are designed each other. Thus, coincidence between the digital readouts
such that the leaves of the MLC move linearly, perpendiculafor the MLC and the radiation field or light field must be
to the axis of the beam. This design is not only mechanicallyachieved by using a calibration table in the control system
simpler than a double-focused design, which typically re-software.
quires movements on an arc, but also conserves space in the Because the coincidence between the leaf readout system
collimator head. If a flat divergent leaf edge were used taand the field size cannot be taken for granted with this non-
match the divergent beam edge at a particular distance fromivergent geometry that is found in this curved leaf—linear
the central axis of the field, then the linear motion of themotion type of collimator system, the MLC readout system
leaves would cause a field size dependent penumbra. To offaust be verified during system acceptance, and during rou-
set this undesirable result, leaves with rounded ends are ofteime quality assurance checks. Corrections may be necessary
used to keep the radiation penumbra relatively constant ovef the calibration and readout systems are not adequately pre-
the range of leaf travel. The general behavior of curved leatise. For example, radiation field measurements of leaf posi-
end MLC systems has been described by Gadtial.} Jor-  tion that were made early in the commissioning of one
danetal.? and Klein et al®* These design considerations accelerator/MLC system indicated that the leaf positions
result in differences between the MLC leaf readouts and thevere more than 1 mm wider than the readout showed. This
projected light field edge locations, as has been demonstrateehs the result from the use of the standard light-field-based
by Galvin et al® The “effective widening of the MLC leaf calibration procedure recommended by the vendor. The sub-
openings” has been discussed for DMLC delivery by Wang,sequent inability to use the vendor’s calibration system to
et al.’ curved “leaf end transmission offset” has been de-resolve the discrepancy between the measured radiation field
scribed by LoSasset al., and the “set leaf gap” has been size and the leaf position readout led to the work described in
characterized for IMRT by Lowet al® These authors de- this paper.
scribe a difference between the light field size the leaf In this work, we illustrate some of the specific issues that
position readoutand radiation field size of varying severity should be considered if one attempts to make precise use of
ranging from 0.5 to 1.2 mm per side. As illustrated in Fig. 1,the radiation and/or light fields associated with curved leaf-
the geometry of the linear MLC motion and rounded leafend MLC systems. Although these differences between ra-
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The vendor provides two control system computer files
that can be edited to change the leaf calibration. The first file
is inside the controller computdtMLCXCAL.TXT") and
includes values that can change the centerline offset, the
“skew” of each side of leaves, and the “gap” between both
sides of leaves. The second file is a calibration table in the
) S MLC workstation(“MLCTABLE.TXT”) and was designed
to minimize the deviations of the digital MLC position read-
out from the light or radiation field edge positions over the
entire range of leaf travel. Both tables were edited to opti-
mize the light field calibration as much as possible, using the
Xiigh vendor’s calibration procedure. After the light field met ac-
ceptance test criteria, we performed further measurements
and an analysis to improve the radiation field calibration of

Xraq the MLC system.
Fic. 1. For rounded leaf end MLCs, the actual field size calibration differs Radlatlo_n field size data were measured using two meth-
for light (Xjign) and radiation field X, edges, and depends in a complex ods. The first method was based on water phantom scans.
way on the motion of the leaves{,.). Computer-controlled water phantom scanning systemB-

600 and WP-700 Water Phantom/Film Dosimetry Systems,
diation field size aljd digital readout could be' gonsiQerech i”:r?ffeiz)r? zﬁgnrstt)g?glsccirlnéva&zler;%uigl;, S}errnnt}?ﬂlfz\;vng”_
;mall, they can be important in a rjumber of cllnlcal'snua—hofer Dosimetrie, Schwarzenbruck, Germagctive cylin-
tions that require excellent precision. These may mcludeder length 3.3 mm)and photon diode detectorShielded

conformal the_rapy \.Nith small fields, use of the MLC SYsteMpp4i0n Diodes, Scanditronix Medical AB, Uppsala, Sweden
for stereotactic radiosurgery, and multi-segmesegmental) (diameter 2.5 mmwvere used for measurements with each

) 8-11 _ ) . S
and Dynam'c MLC(DMLC) IMRT treatments’®**A num ccelerator. Measurements were made with the diodes in air
ber of d'ffefe”.t gpproaches to IMRT are based on . US€ 9lt 100 cm from the source, and with the ion chamber at the
numerous individual segments to create complicated inteNg o centric plane with water depths of 10 cm. Al profiles
sity patterns that ofter_1 resemble a checkerboard._lf_ aMLC g ere normalized on the central axis, except in cases where
used to create such intensity patterns, the precision of qu e leaves or jaws were near or crossed central axis. These
placement must be accluraée, since '?verlap?ﬁor underlgpsh%-ere normalized at the center of the irradiated area. The field
tween segments may lead to significant differences In thg;,oq 5ng edge locations were defined at the 50% intensity
dose distribution, and the gradient at a field edge is Oﬁerﬂ)oints relative to the central value of the profile
_14 .

more than 1(.)% per mitt. . o The second method utilized film. Pre-packed verification

Althqugh in this paper we illustrate these cal|prat|0n IS £i1m (XV-2 Ready-Pack film, Eastman Kodak Co., Rochester,
sues with one parucular. modc_al of MLC, many issues ad Y) was exposed to individual rectangular fields defined by
dressed here should be investigated for any curved Ieaf-eq e MLC. Each film was placed at the isocenter in a solid
MLC system. In this paper, we presgnt a T“?thoo.' for MLcwater phantom at a depth of 10 cm and exposed to an optical
leaf calibration that will correctly predict radiation field sizes density of about 1.0. The radiation field sizes were obtained
to better than 0.5 mm, an accuracy that is more appropriatg, 1, each film by scanning across the center of each field
for much of the conformal thergpy and IMRT that is cur- using a computer-controlled film scann&VP-600 Water
rently perfqrmed. We also deSCT'be a mgth_od_to Corr_ect fo\rDhantom/FiIm Dosimetry System, Wellhofer Dosimetrie,
many possible MLC system calibration limitations. Finally, Schwarzenbruck, Germangspot size 0.8 mm). The width of

we present a S|m|<;]Ie fl(ljm-basedl_gua_hty assurancehchecak thojqe field was then obtained from the film scanning system
Is sensitive enough to detect calibration errors on the order ol q e using the 50% intensities as described above. A

tenths of millimeters. correction of the optical density values to dose using a mea-
sured H/D curve was not necessary since conversion to dose
METHODS AND MATERIALS makes an undetectable difference in the location of the field
The work presented here has been performed on a total @dge. This is due to the nearly linear response of this film for
nine Varian accelerator&linac 2100 C/CD’s accelerators, doses less than 50 c&3To check that transmission between
Varian Oncology Systems, Palo Alto, CAquipped with 52 the leaves or other artifacts at the leaf junctions were not
leaf, 80 leaf, and 120 leaf multileaf collimators. Photon en-affecting the results, field size scans were compared through
ergies of 6 and 15 MV were available on each acceleratothe center of a leaf and at the leaf junction. The differences
The vendor’s leaf calibration and standard acceptance testeasured in this comparison were less than 0.2 mm.
procedure were used initially during accelerator installation We compared the measurement techniques on the first
and acceptance. Following the vendor’s acceptance test prédLC by measuring the same field sizes with each method.
cedures, the radiation field was used to check the collimatofhese field sizes measured with film agreed with the same
jaw and leaf position calibrations. field sizes measured with water tank scans to within 0.3 mm.
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After verifying that the film method achieved the same re- Measured Leaf Position
sults as the water tank method, we used the film method on 014
the remaining MLC systems studied, since it proved to be 012 + T
more efficient. 010
For the MLC radiation field calibration measurements,
each bank of MLC leaves was measured separately, with

meas leaf pos - readout (cm)
=)
]

respect to the position of a common reference point, the op- 0'04’ o uncorr Sde A
posite (lower) collimator jaw. The first step in the_profile 0'02 A uncorr Sde B
measurements was to determine the exact location of the i o UNCOIT &V
reference jaw. The reference jaw was set to 19 cm from the 0.00 " ‘
; . . 20 -10 0 10 20
central axis, and was then unchanged during the remainder
M.Cleaf pos readout (cm)

of the measurement set. The absolute location of the refer-
ence jaw was obtained by measuring the position of the jawrie. 2. A block diagram describing two methods of implementing the final
at both ends of a 180 degree collimator rotation and taking%eaf position correctionia) Internal correction: The vendor’s calibration
half the dist bet the two ed Sub t fil able should be edited at all leaf positions if possiltle. External correc-

a e distance e ween the .O edges. subsequen .pro I'§6h: Used if internal correction is not possible or is not complete.
were measured with the opposite set of leaves at different

positions, keeping the reference jaw unchanged. For an
analysis, these profiles were aligned to the field edge th
was defined by the reference jaw. Using this method, ch&ESULTS AND ANALYSIS
absolute position accuracy of the leaf edges with respect to In addition to the vendor’s standard acceptance proce-
the accelerator collimator isocenter is precisely defined bylures, numerous studies of the locations of the light field and
the determined location of the reference jaw. Comparisons oRdiation field edges versus the digital readouts from the con-
the results from the different MLCs, repetition of measure-trol systems of the MLC were performed. As was discussed
ments, set-up of the scanners’ coordinate systems, and ot the Introduction, the radiation field measurements made

tests determined that the accuracy of the radiation field edg@fter the vendor performed the standard calibration proce-

locations was performed reproducibly to better than 0.3 mmdure (Fig. 3) show that the actual radiation field edges can

Overall, the accuracy of the measurements and correctiong,evlate from the MLC readout by more than 1 mm fpr a
taken together, is approximately 0.5 mm. single bank of leaves. These data were measured with the

. . . vendor’s standard calibration table in pla@ee the lowest
Once it was determined that corrections were necessary P

to achieve accurate leaf positions, two attempts were made
to apply the corrections inside the vendor’s software. The

first attempt was to change the leaf gap value in the

MLCXCAL.TXT, but because of the rounded leaf ends, the T;Ea:ngt
most accurate “leaf gap” value would cause the leaves to system
collide when closed, so the software prevents such a value.

The second attempt was to change the values in v
MLCTABLE.TXT table (“internal correction”, but the soft- MLC file
ware in the 52 leaf and 80 leaf MLCs does not allow positive conversion to
values in this table, therefore only the most positivet 10 vendor format
cm) and most negativé<—10 cm) leaf positions could be AND/OR L 2
corrected for in this table. Therefore, we applied an “exter- Vendor MLC
nal” (outside Varian's softwapecorrection to fix the remain- software
ing leaf positions. In this external software, we included a calib sys
factor to ensure that closed leaf pairs do not collide. This T
external correction was applied on machines both with and

without computer-controlled delive’y*8In both situations, MLC

the corrections were implemented using automatic software controller
routines external to the planning system, in such a way that

the users do not have to do any additional work. See Fig. 2 y

for an illustration. The external correction routine is run after MLC

the treatment plan is done but before the leaf positions are

sent to the MLC. In the Varian 120 leaf software, the soft-

ware allows for the entire correction to be made inside thd'c- 3. Initial measurements of leaf positions based on radiation field size
. cﬂfecks when using the light-field-based vendor MLC calibration table. The

vendor software. However we have chosen to be CO”S'Ste'a erence between the radiation field sizes and the digital field size is plot-

and use the external correction on all our MLCs. ted versus digital readouts from the MLC control system.
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-2 -10 0 10 20 Fic. 5. A summary of new calibration results. Shown are the original vendor
Leaf position readout (arm) calibration table, the new vendor calibration takilgternal), and the addi-

tional corrections that are implemented outside the vendor’s soft(eare
Fic. 4. Results of correction table measurements for 4 MLCs of the saméernal).
type. These are 4th order polynomial fits to the measured data. Also shown
is the mean of the 4 MLCs, and the vendor’s original correction table, based

on a light-field calibration procedure. . . .
Instead of measuring a separate calibration curve for all of

our more recent MLCs, we simply applied the average curve
from the first four 52 leaf MLCs. We then measured the
curve in Fig. 4). When using both banks of leaves to defingorrected field sizes to verify that this correction was accu-
the field size, the deviations add, forming a total deviation ofigte for each individual MLC. Eor three 80 leaf MLCs and
2-3 mm. two 120 leaf MLCs, this same correction curve achieves
Figure 3 shows data for one 52 leaf MLC. The same postmeasured field sizes that agree with the digital position read-
acceptance test measurements were performed on our firggts to within 0.5 mm.
four Varian MLCs (all 52 leaf). These data were used The agreement between light field and digital readout in
to derive the necessary correction tables for each ofig. 7 now shows the systematic difference that is the result
these MLCs. These curves are shown in Fig. 4. Also plotof ysing a radiation field-based calibration system. The light
ted is the original vendor-supplied calibration tablefield data have been shown in Fig. 7 only for reference. The
(MLCTABLE.TXT). In order to achieve accurate leaf posi- MLC calibration with respect to the light field is not of major
tions USing a radiation field Ca”bration, the vendor’s tableimportance for treatments in our clinics. For conformal
needed to be edited to reflect the measured data shown. therapy, in which apertures are designed inside the three-
However, positive values were not allowed inside dimensional(3-D) treatment planning system and complex
MLCTABLE.TXT for the 52 and 80 leaf MLCs, so the posi- field arrangements are used, it is the radiation field size ver-
tive deviations could not be corrected with use of the VeNgys the d|g|ta| machine control and readout which is impor-
dor’s table alone. Therefore, for these earlier MLCs, the optant, not the accuracy of the light field. The light fi¢ld Fig.
tions were to either edit MLCTABLE.TXT (“internal  7) now demonstrates expected deviations from the digital

correction”) for the nonpositive values and add an externalreadout(which now defines the radiation field edges
correction table for the positive values, or to apply the whole

correction in the external tablesee Fig. 2). The 120 leaf
MLC software does allow the entire correction to be made Measured Leaf Position
inside their table. In the event that the vendor denies permis-  ¢1s

sion to edit this calibration file, the whole correction may be £ © UNCORRAVG
made externally. Figure 5 illustrates the new average calibra- 0124 = CORAVG | T I 1%
tion correction, and how it may be applied in two separate § 0.08 - 1T % % % % % £ i % i
tables(internal and externalf necessary. g % ¥ % I $ f i 7

The final results of our correction process are shown in ,, %% 1 T T T §
Fig. 6 (radiation field—digital readout deviatinrHere, a fi- & g0 i { t7 I14II.t0 { 114
nal set of measurements of the radiation field edge location 2 11 i - -1 =
have been obtained, but using the new MLCTABLE.TXT § 004
and an additional external correction table from Fig. 5. The & .
radiation field data in Fig. 6 are in much better agreement 2 5 -0 5 0 5 0 15 2
with the digital readouts than the original data shown in Fig. M.Cleaf position readout (cm)

2, and are well within the experimental error of 0.5 MM. kg 6. pre- and post-correction radiation field measurements with each leaf
Figure 6 shows the results from one of the 52 leaf MLCs.carriage measured separately, across its entire range of travel.
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Fic. 7. A comparison of light-field and radiation-field calibration of digital

MLC readout, after calibration and corrections.

Table | summarizes our processes for calibration of the
rounded leaf MLC systems in our clinics. We have found that
we can use the average of these first few MLCs results tc
apply to the rest of our MLCs. We currently use a correction

table that is the average of the curves in Fig. 4 as our starfFc. 8. The film image taken from the daily MLC calibration QA test,
dard correction. This saves the time of performing steps greated with 4 pairs of segments. The left side shows the leaf matches when

through 4, then steps 5 through 7 are performed to check th

o corrections are applied. The hot spots centrally and cool spots laterally
dicate that the leaf positions could be better. The right side is the film after

validity of this average correction table. This standard cOr+he correction. It has uniform matching throughout.

rection achieves accurate results for all of the MLCs from

this vendor, including the 52 leaf, the 80 leaf, and the 120

leaf versions.

DISCUSSION AND QUALITY ASSURANCE

As mentioned earlier, accurate calibration methods such
as those described in this work are of more clinical impor-

TasLE |. Steps summarizing our calibration process for rounded leaf MLCtance for small fields, conformal therapy, and IMRT than for

systems.

First 4 MLCs

Next 5 MLCs

1. Optimize the calibration values in
the vendor’'s MLC controller, using
radiation field techniques whenever
possible.

2. With the vendor’s calibration table

Instead of 1-4:
Apply average
calibration
curve

resulting from

many standard therapy treatment techniques. The maximum
difference between the actual radiation field size and the de-
sired(planned)field sizes found in each of the systems stud-
ied can be more than 3 mm with the typical light-field-based
calibration method. For large field, less conformal treatment
delivery schemes, this 3 mm difference may not be clinically
significant. However, such size differences are potentially

in place, use the radiation field size C’E‘iﬁzt‘rfi:‘rems significant for high dose conformal therapy or radiosurgery-
films (as described earlipto MLCs. type applications. For multisegment IMRT delivery, where

measure leaf positions across their
range of travel.

3. The differences between the digital
readout and measured radiation field
edges are plotted, as displayed in
Fig. 4.

4. A fourth order polynomial fit to
these data is used to smooth the
corrections and avoid putting
random measurement-based
deviations into the correction tables.
Use this curve to determine the
corrections to the calibration table
that will remove the deviations

(as in Fig. 5).

many different MLC patterns may be used to make a com-
plex intensity pattern, the potential of several mm of overlap
between opposing sets of leaves may lead to larger dosimet-
ric differences than may be desired.

Routine quality assurance testing of the MLC calibration
can be performed quite accurately using a multisegment film
for MLC checks. To improve our quantitative MLC checks,
the routine daily QA check of geometric parameters on
computer-controlled accelerators, described by Thompson
et al.!° can be modified to include a MLC calibration check
film specifically designed for accelerators equipped with
rounded-leaf-end MLC systems. The MLC QA fil(Rig. 8)

5. Apply the corrections in the vendor table where possible, and use the IS comprised of complementary jagged diagonal patterns.
secondary correction table to fix the regions that cannot be corrected in  The idea is to view the match between opposite sides of

the vendor tableFig. 5). N leaves when both sides are sent to the same leaf position.

6. With the new corrections in place, re-measure the leaf positions and This test relies on the very precise alignment of the leaves of

verify that they are now within 0.5 mm of the desired position. . . .

7. Perform a final verification with the QA film described below. the Varian MLC SyStemusmg an internal laser SyStem)! SO
that a significant range of the position versus readout table
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QAfimprofies CONCLUSIONS
:;: ; ;’;;: Agreement between planned and delivered dose distribu-
= A— T _o5mm tions is a critical part of quality radiation therapy. In this
£ 106 ; T I | DT report we illustrate that good agreement between the radia-
2. c I o tion field and the planned treatment field may not always be
g MV\ /\,\ L e easy to assure for MLC systems unless careful calibration
5 102 ”‘M AN Y AN, and quality assurance procedures are used. Each MLC sys-
-;:i 100 \[‘“\ {\q “VM W tem ha_s dlff_ergnt_mechanlcal, hardware,_ software, and imple-
o v v V U“‘” mentation limitations. In the case studied here, a software
o8 B~ limitation makes a correction of the radiation field settings a
% little more difficult, and some of the radiation field calibra-
10 5 6 5 10 tions of the MLC system must be done outside the vendor’s
Leef position (e software.

Some of the details in this work are specific to one ven-
Fic. 9. Optical density profiles obtained from a scan of QA films made with dor's MLC implementation, but those speciﬁc details are not
three different MLC calibration tablega) 0.5 mm wider than correctp) the main point of this paper We use results from one MLC
0.5 mm smaller than corredfs) best result. . L .
vendor to illustrate the point that careful checks of the radia-
tion field edge location are important, and cannot be assumed
to be good enough for treatments such as IMRT after one

can be performed with one set of segments. Deviations 0Hses a standard light-field-based calibration procedure. A

.—careful calibration of the MLC control system’s digital read-
the order of 0.2 mm or smaller can be detected by eye usin L :
oo . S . o uts to the radiation field produced by the MLC can be
this film test. The film study, which includes irradiation of a . . . : . .
. . chieved. However, this calibration requires precise mea-
stored series of segments using the computer-controlle o .
. . ~surements and careful analysis in order to achieve the accu-
MLC and the accelerator, film development, and visual

analysis, takes only ten minutes to complete. This film tech 2% that could be required for high dose conformal therapy

. : or IMRT applications. For many kinds of IMRT treatment
nique can gomplgment cher IMS)T MLC QA f"”?s that have delivery, these kinds of precise calibrations may be essential.
been mentioned in the literatute?° It is also possible to use We have illustrated a number of measurement techniques
a simple MLC light field check to confirm the calibration . d

that can be used to determine the agreement between the

constancy, since the light field versus MLC readout curves _ . . ) .
X . various representations of the field edges, and analysis and
are well-definedFig. 7).

Currently, this QA film(Fig. 8) is incorporated as part of quality assurance techniques which illustrate the degree of
the monthl ’machine QA chéck Minimally. this film check agreement or disagreement between the various results. With
should be [))/erformed monthly an-d after MIYC maintenance ocareful measurements and a method to implement the correc-

service. A “base” film, obtained at the time of the MLC E|ons into the usual flow of patient treatment plan informa-

Lo tion into the MLC control system, it is possible to achieve
calibration procedure, can be used as a reference for these y P

routine checks. The film is then run routinely and after MLC agreement between the indicated field edge locations and the

maintenance, and the hot/cold spots at the leaf match juncgfjld'altlon field edges to better than 0.3 mm.

tions can be observed for changes.
The QA film is very sensitive to differences in calibration.
By deliberately changing the MLC calibration by set ACKNOWLEDGMENT
amounts and irradiating the multi-segment QA film, we have
determined that changes as small as 0.2 mm can be seen B
eye on the film. Scans across the film can quantify more
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