Benchmarking beam alignment for a clinical helical tomotherapy device
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A clinical helical tomotherapy treatment machine has been installed at the University of Wisconsin
Comprehensive Cancer Center. Beam alignment has been finalized and accepted by UW staff.
Helical tomotherapy will soon be clinically available to other sites. Clinical physicists who expect

to work with this machine will need to be familiar with its unique dosimetric characteristics, and
those related to the geometrical beam configuration and its verification are described here. A series
of alignment tests and the results are presented. Helical tomotherapy utilizes an array of post-patient
xenon-filled megavoltage radiation detectors. These detectors have proved capable of performing
some alignment verification tests. That is particularly advantageous because those tests can then be
automated and easily performed on an ongoing basis20@3 American Association of Physicists

in Medicine. [DOI: 10.1118/1.1576395
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I. INTRODUCTION custom-made binary multileaf collimat@LC) further col-
. . . . limates the beam in the transverse direction distal to the
The f | | helical h h . . . )
e first clinical helical tomotherapy treatment machine moveable jaws. This MLC contains 64 interspersaehg-

has been installed at the University of WiscongldW) o | H 32 | h of tw .
Comprehensive Cancer Center. The University of Wisconsir?_erj eaves. here are €aves on each of o opposing
sides (64 tota) that slide past one another. The MLC is

Tomotherapy Research Group and TomoTherapy Incorpo s ) )
rated(Madison, W) developed the hardware and software. Itshown in Fllg. 4 Each leaf therefore dgflnes a b(_aamlet that is
has been named Hi-ART for highly integrated adaptive ra8-25 mm wide in the transverse direction at a'dlsltance of 85
diotherapy. The precise, intensity-modulated radiotherapy™ from the source. The leaves are 10 cm thick in the beam
treatment<IMRT) which this machine is capable of deliver- (Z) direction. The prOJectgd distance that thg Ieayes traverse
ing require accurate patient-beam setup. That, of course, n& More than 5 cm at the isocenténey travel in the inf-sup
cessitates that the beam orientation be precisely known, direction. The leaves are binarin or off) in the sense that
Tomotherapy utilizes a fan beam of radiation for treat-the transit time from open to close is relatively sher25
ment, which is inherently intensity modulated. The gantryMs- The leaves utilize an interlocking tongue-and-groove
rotates around the patient to treat from many angles. Axiaflesign to prevent a direct path through which the radiation
tomotherapy extends the treatment region by sequential jun&an pass when adjacent leaves are closed. The tongue and the
tioning of the fan bear? Helical tomotherapy employs a 9groove dimensions are both 0.8&0.03 mm with a nomi-
synchronously rotating gantry and a translating coughe  nal overlap of 0.15+0.03 mm. The distal side of the MLC
Hi-ART system featurg a 6 MVin-line linear accelerator. A is approximately 40 cm from the source. A schematic dia-
photograph of a functioning tomotherapy machine is showrgram of the collimation is shown in Fig. 5.
in Fig. 1. The tomotherapy coordinate system is shown in A linear array CT detector resides on the rotating gantry
Fig. 2. A primary collimator(of tungsten shapes the beam. opposite the source. This detector consists of 738 xenon-
This collimator defines a geometrical projection that is 40 cnfilled detectors. Each detector has a projected transverse
wide in theX or transverse direction by 5 cm wide in tMer ~ width of 0.73 mm at the isocenter.
patient inferior—superiofinf-sup direction at an isocenter Alignment issues faced by clinical physicists during ac-
located 85 cm from the source. A single set of moveableceptance testing/commissioning and during routine quality
(tungsten jaws further collimates the 5 cm wide beam. This assurance are addressed here. The tests are generally pre-
allows a variable width beam that is closea 5 cmwidth in ~ sented in the order in which they should be performed. The
the inf—sup direction. These moveable jaws are shown ifirst are those that might necessitate moving the accelerator if
Fig. 3. The ends of the jaws are 23 cm from the source. Ahe results were not satisfactory. Another concern was to de-
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Fic. 1. This is a photograph of a helical tomotherapy unit. The slip-ring FiG. 3. This shows an image of the moveable jaws used to defin¥ éxés
gantry and CT-like ring geometry is evident. or longitudinal field width.

sign acceptance tests that required iny thos_e HI-ART feaamax (1.5 cm in water. See the appendix for calibration de-
tures that would be available at the time of alignment com- " . : o
L tails. Some films were exposed with the gantry only at 0
missioning. The megavoltage computed tomography- =" . .
: ) . (pointing down). Those films were at a depth of 1.5 cm with
imaging features would be useful for some tests, but will not2 : .
be commissioned until after beam alignment, for example cm of backscatter pr.owded by custom ”?ade Solid Water
’ " slabs(Gammex Inc, Middleton, WI Other films were ex-
posed with the gantry at 0° and then at 180°. Each of these
Il. MATERIALS AND METHODS films had 2.0 cm of build-up and 2.0 cm of backscatter. The
Kodak EDR2 Ready-Pack filnfEastman Kodak Com- film and solid water were positioned such that 10 cm of film
pany, Rochester, NMvas used extensively for dose imaging. and phantom overhung the end of the couch, for these situ-
Radiographic film has become accepted for commissioningtions. This allowed the radiation to undergo equal attenua-
MLCs 5~ EDR?2 film is approximately linear in response to tion from both opposed gantry angles.
600 cGy, and this extended dose range is better suited for
tomotherapy dosimetry with its high output rate. The Hi-
ART accelerator produces about 1000 cGy per minute for the
calibration field size, 5 cm inf—sup width by 10 cm trans-
verse width, at the isocenter distan@5 cm) at a depth of

' - ieaf 2‘51 -

o = 3 . Even
Zt | B <3 leaves

Leaf 64

Tabletop of Couch

Foot of Couch X

Fic. 2. This illustrates the helical tomotherapy coordinate system, which
follows the International Electro technical ConsortigiaC) specification. Fic. 4. This is an image of the binary MLC.

Medical Physics, Vol. 30, No. 6, June 2003



1120 Balog et al.: Benchmarking beam alignment 1120

the physical source position. The moveable jaw offsets were
Vﬁm swept from—20 mm to+20 mm at the isocenter plane in a
series of discrete positions. The actual distance swept at the
source location was-2.5 mm. This is equal to the-23 to
+23 mm shift at isocenter demagnified by 50 mm/900 mm,
which is the pivot to source distance divided by the pivot to
isocenter distance. All MLC leaves were open for each treat-
ment procedure delivered for each static position of the
moveable jaws. The moveable-jaws-defin&ehaxis field

‘mmi* width was kept constant at a relatively small distance of 4
mm projected to the isocenter. This increased the sensitivity

< {: of the test, since with a smaller jaw opening the transmitted
eal motion

fluence is a strong function of when the jaws-defined-central-
axis points toward the actual source center. The accelerator

4 was physically moved based on these results to position the
single ML(iea/ other leaves are into source as close as possible to the center of the primary col-
Z and out of page limator.
A custom-made ion chamber from Standard Imaging
Y (Middleton, Wl was used for these alignment measure-

ments. It is a cylindrical ion chamber with a 12 cm long
Fic. 5. This is a schematic diagram of the primary collimation, the move-collecting length and an 8 mm diameter. The long axis of the
able jaws, and a single MLC leaf. chamber was set parallel to tNeaxis at the isocenter. It was

placed in a solid water miniphantom Wwia 3 cmdiameter.

The 4 mmY-axis field width strikes the chamber at different

All films were given a dose between 200 and 400 cGy toinferior—superior regions as a function of moveable-jaw shift
operate well within the linear range. They were scanned on ROsition, but the detected signal was approximately invariant
Howtek Multi-Rad 450 film digitizer(Hudson, NH. The  Wwith ion chamber position, due to its uniform response. The
measured digitization values were converted to dose via &entral 5 cm of this chamber was irradiated as the jaws were
known digitization value to dose calibration curve by expos-shifted. The chamber response in this region is constant
ing EDR2 film to known dose levels, and recording the Cor_enough, within 1%, such that each individual reading could
responding digitization values. The calibration field setupbe used without correction. This measurement is forgiving
was used. An ion chamber placed 2 cm below the film confor small translation setup errors in any direction.
firmed the dose. An appropriate percent depth dose correc-
tion factor was used.

Many of the tests require that the center of the slit bea
be determined. This is defined as the halfway point between The second alignment test verifies that the beam center is
the full-width at half-maximum dose points. Custom analysisdirected exactly parallel to the gantry rotation plane. Any
software was written in PV-Wave programming languageY-axis misalignment of the beam center could be detected by
(VNI Inc. Boulder, Coloradp This was done for both the placing the EDR2 film well away from the gantry isocenter.
digitized films and the data set recorded on the xenon exit The film was placed below the axis of rotation so radia-
detectors. Repeated use of the film and digitizer indicate thdton directed from above had a relatively long distance to
the full-width at half-maximum distance is accurate to within travel and therefore a relatively long distance through which
=0.2 mm. This value was used for error analysis when apto diverge. Next, the gantry was rotated 180° and the film
propriate. This uncertainty decreases#6.1 mm when re- was irradiated again. The second exposure traveled less be-
analyzing the same film. fore it struck the film, so it diverged less. This concept is
illustrated in Fig. 6. AnyY-axis misalignment of the beam
center away from the gantry plane of rotation was readily

The exact positioning of the source is critical due to theapparent on the exposed image because the longitudinal cen-
very small fields and the relatively short distance from theters of the two exposures were different.
source to the primary collimator. The goal was to find the The couch was dropped 25 cm below isocenter, and ex-
position of the jaws that maximized the output of the accelposed through all leaves on one side of the MLC, 1-32, with
erator. Slight misalignments would be magnified and readilythe gantry at 0°. These were the left side or negaX\aee
noticeable. The Hi-ART design allows a convenient methodeaves with the gantry at 0°. The moveable jaws defined a 2
for verifying the source placement relative to the primarycm longY-axis field width. The gantry was then rotated 180°,
collimator along ther axis. The moveable jaws pivot about a and the exposure was repeated using the same open-leaf con-
point that is 50 mm behind the target position. The moveabldiguration. Opening half of the MLC leaves for both expo-
jaws were asymmetrically shifted about their nominal centessures results in abutting images, that do not significantly
point such that the jaws-defined beam center swept acroswerlap at the beam center. The films were processed, and the

mB. Beam Y-axis misalignment

A. Source /primary collimator alignment
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isocenter side view of
— gantry and the
beam with a
Y-axis
film plane mls'allgnment
—_— ordivergence
Fic. 8. This is the dose image that resulted from a double exposure to a film
in which a series of leaves were opened for the calibration jaw setting and a
separate set for another clinical jaw setting. Both jaws moved symmetrically
7 if the centers of the dose blocks are the same.
\
Y

A third criterion is that the moveable jaws must be paral-
Fic. 6. This shows an illustration of the test for determining if the central lel to the plane of gantry rotation. The slit beams .WIII .pI’O-
axis of the beam has ¥axis misalignment. duce a criss-cross dose pattern upon gantry rotation if they
are not. This concept is illustrated in Fig. 9. This condition
was examined by another double exposure, gantry-rotation

centers of each half-field exposure were independently detefj-Ose image of a film placed at the. isocenter. All Ieave; were
mined. The resulting dose images are shown in Fig. 7. Thgpened for both exposures. The_ first exposure was vv_|th the
centers of each half-field dose image were determined anjamry at 0° and the moveable jaws dedre 4 cmY-axis

compared. The moveable jaws were asymmetrically shiftedf€'d Width. The gantry-at-180° exposure dse 2 cmY-axis
until the beam center had a minimd#laxis component. ield width. The resultant dose image is shown in Fig. 10.

The test just described only verifies that a specific jaw' @XiS Profiles were taken across the ends of this image and
compared to determine the degree of jaw twist.

setting does or does not have a beam center withaxis

misalignment. This needs to be verified for other settings for

the moveable jaws as well. An easy way to do this is to set a ,

film at the isocenter and program a center set of leaves tg' MLC alignment

open along with two other leaf sets positioned transversally The next test determines if the MLC is properly focused

away. The film is exposed using the 5 ¢fyaxis field width.  towards the source. One way to accomplish that is to utilize

Next two additional sets of leaves between the first set othe tongue-and-groove/penumbral burring efl@&G-PB).

previously open-leaf sets, are programmed to open. Th&he T&G—-PB effect has been described in the literatére,

moveable jaw opening is set to a clinical inf-sup field width, but briefly it produces an energy-fluence dip between two

and the film is exposed again. sequentially opened leaves. This energy-fluence dip is mini-
A film was placed at isocenter. The moveable jaw settingmized when leaves are maximally focused towards the

was set to the calibration inf—sup field width of 5 cm. Leavessource. The effect can be maximized for MLC-source-

11-18, 29-36, 47-54 were opened and the film was exalignment quality assurance by allowing only sequential

posed. The moveable jaws were narrowed to the clinical

Y-axis 1 cm field width. Leaves 20—27 and 56—63 were then

opened, and the film was exposed again. The films were

processed, and the centers of each leaf set were determined. slitbeam @ 0

The resulting dose images are shown in Fig. 8. deg ‘\

Profile 1 Profile 2 5
©e e L Gantry plane is

perpendicular to page

and the line indicated

is in the plane.

Y y Slitbeam @
180 deg

X
X

Fic. 7. This shows an illustration of the dose image that results when a film

is placed 25 cm below the isocenter and irradiated through leaves 1-32 witRic. 9. This is an exaggerated illustration of the dose image that would
the gantry first at 0° and second at 180°. Profiles taken across each haiésult if the jaws were not perfectly aligned with the plane of gantry rota-
allow a central axisf-axis misalignment to be quantified. tion.
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Profile 1 Profile 2

X

Fic. 10. This is a double exposure image of the gantry at 0° and the gantry
at 180° image resulting from a 4 cmcha 2 cmY-axis field width. The two
profiles were compared to determine the degree of jaw twist.

X

opening of adjacent leavegNote, the clinical delivery
method minimizes sequential opening between adjacerc. 12. This is the resultant dose image from a double exposure gantry
leaves) rotation procedure. Leaf 32 was open for both exposures.Yraes field
A film was placed at isocenter with the gantry at 0° Ra-Width was set to 5 cm. Profiles taken along each line will be identical only
diati deli di hich leaf ’ if the MLC-leaf direction is exactly perpendicular to the gantry rotation
iation was delivered in which every even leaf was open, ...
with all odd leaves closed, followed by every odd leaf open
with all even leaves closed. This produced a series of
T&G—-PB modulations. The resultant dose image is shown in .
Fig. 11. A transverse profile was measured across this imagd'd 33 and oleaves 28 and 29 opened sequentially. The
and analyzed for symmetry between the T&G—PB peaks an§antry-at-180° exposure had leaves 28 and 29 opened se-
valleys. quentially. The projection of the center of the MLC should
This same treatment procedure was delivered with thé€ at the leaf 32—33 T&G—PB indication. The MLC center
couch fully retracted from the bore. The xenon detector rePOsition relative to the gantry isocenter can be determined
corded the incident dose profile. The data were processd§P™ the relative position of the T&G—PB indications. The
such that the all-even-leaf profile was added to the all-oddMLC/COR dose image is shown in Fig. 13.

leaf profile. This determined how well the xenon detectors 1he MLC/xenon detector relationship needs to be
matched film for this experiment. mapped, and to determine if that mapping is invariant with

The MLC leaves could have a twist with respect to thegantry position. This was done without film. A series of four
plane of gantry rotation, as previously explained for the jaws, &G—PB procedures were delivered at gantry angles 0°,
since the MLC mounting is independent from the jaws. The20°» 180°, and 270°. Leaves 32 and 33 were opened sequen-
alignment was tested via a double exposure, gantry-rotatiof@lly for all exposures. The T&G—PB artifact is clearly vis-
delivery to a film placed at the isocenter. Leaf 32 was operdP!® on the profile across the xenon detector data, and the
for each exposure taken at gantry angle 0° and gantry ang%etector c_hannel that rgcorded it was noted for gach .prof|le.
180°. The MLC center is between leaves 32 and 33 so thane consistency of this detector channel relationship was
resultant two leaf-32 images should be adjacent, not supeth€n determined as a function of gantry angle.
imposed. The moveable jaws were set to the 5 Gaxis
field width to increase the distance over which any MLC
twist could be observed. The resultant dose image is shown
in Fig. 12. Multiple profiles were taken across the dose im-
age and compared.

The location of the MLC leaves with respect to the gantry
center of rotatiofCOR) must be determined. A double ex-
posure, gantry-rotation dose image from a film placed at the
isocenter is used. The gantry-at-0° exposure had leaves 32

Y

| —— x

X

Fic. 13. This is the dose image that results from a double exposure gantry
Fic. 11. This shows the dose image that results from an exposure througtotation in which leaves 32 and 33 and leaves 28 and 29 opened sequen-
every odd leaf open followed by every even leaf open. tially.

Medical Physics, Vol. 30, No. 6, June 2003



1123 Balog et al.: Benchmarking beam alignment 1123

Intensity vs Jaw Shift (4-mm Y-axis field width) Y-Axis Misalignment
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ift at t
JuwiShift st Taccerter(mn) Fic. 15. This is a plot of the two profiles taken along th@xis misalign-

. L . . .. ment dose image. The centers of the two images would be the same if there
FiG. 14. This shows the relative intensity measured as a narrow jaw width o nov.axis misalignment of the central axis.

was symmetrically shifted across the isocenter and source plane.

B. Beam Y-axis misalignment

The two profiles taken across théaxis misalignment
o ) dose images are shown in Fig. 15. The center of each profile

The collimating face of the moveable jaws and the Xenon., therefore be used to measure ¥haxis misalignment
detector array must be parallel. This can be determined b¥omponent of the beam center. Teaxis location for the
performing a series of treatment procedures in which th@enter of the top-directed beam equals the divergence slope
jaws are gradually closed until the signal on the xenon defnultiplied by the distal SSD distance of 110 cm. THiaxis
tectors starts to diminish. Manipulating the jaw-offset posi-jocation for the center of the bottom-directed beam equals
tion did this. All detectors should see less radiation vs jawye divergence angle multiplied by the near distance of 60
size equally as the moveable jaw openings are decreased,df, The difference between the centers of the two exposures

the detectors and jaws are perfectly aligned. then equals the difference through which each beam diverges
A detector profile was recorded for a 30.0 mm moveable'multiplied by the divergence slope

jaw setting and a 7.5 mm offset, i.e., the projected center of

the jaw opening at isocenter was shifted 7.5 mm. This effec- Center difference divergence slopefar SSD

tively had one jaw occluding part of the detectors while the —near SSD

other provided no beam blocking. A calibration reading nor- ’ e
malized each offset reading. The calibration reading con- Center difference divergence slopes0 cm.

sisted of a 30.0 mm moveable-jaw s_et_tmg with no Sh'ﬁ' Th'SThe angular value of the central axis misalignment is equal
removed t.h.e detector response variation as a function of d‘?b the inverse tangent of the divergence slope,

tector position.

D. Detector alignment

Angular Y-axis misalignment of beam center

=tan ! (center difference/50 cm (2

The center difference between the two profiles was measured

to be 0.56 mm. So, the actual angu¥aaxis misalignment of
The majority of the dose images recorded on film werethe beam centertan™ (0.056/50)=0.064°.

mathematically rotated so that the long axis of the slit beam The Y-axis misalignment at the isocenter is computed to

was parallel with the imaging coordinate system. This enbe equal to (85 cm/50 crfip.56=0.95 mm.

abled all center point§&long the transverse plan® lie in The two profiles taken across the varying moveable-jaw
the same row. setting dose images are shown in Fig. 16. A shift in the

location of the two centers indicates an unequal motion of

the jaws with respect to the calibration field positions. The
The relative source intensity vs moveable-jaw shift posi-centers were offset by 0.5 mm. The center of the clinical

tion is shown in Fig. 14. The intensity was maximized with abeam was 0.5 mm deeper into the bore.

jaw shift of negative 5 mn{=2 mm). This test reveals that The two profiles taken across the jaw/gantry-plane align-

the source was 0.3 m=0.02 mn) away from the center of ment dose image are shown in Fig. 17. The image was ro-

the primary collimator, after accounting for the magnificationtated based on the edges of the lonyeaixis field width.

of the movement at the isocentéFhe uncertainty was based Each profile was 3 cm from the field edge, so the transverse

on the source position prediction of negative 3 mm based odistance between the profiles was 34 cm. The field edges for

an interpolated full-width at half-maximum distance. the greater moveable-jaw setting match exactly, which indi-

[ll. RESULTS

A. Source /primary collimator alignment

Medical Physics, Vol. 30, No. 6, June 2003



1124 Balog et al.: Benchmarking beam alignment 1124

Jaw Center for Two Jaw Settings T&G Transverse Profile
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R - —420-
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g s o ) | g o fanis g s 5 ¥ e
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> »
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® ]
o [ — T&G Profile
o« — =Normalized T&G Profile
= All-open Profile
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Longitudinal distance (mm) Lateral (X) Distance (mm)

Fic. 16. This shows the profiles taken across the varying jaw setting doubl&!G. 18. This shows the transverse profile taken across the slit beam for the

exposure dose image. A shift in the location of the two centers indicates aplternating even-leaffodd-leaf exposure. The lower plot is the actual film

unequal motion of the jaws with respect to the calibration field positions. Profile. The upper plot is the lower plot after it has been normalized by the
relative off-axis dose distribution. An all-open profile is shown as well.

cate that the image was properly rotated. The center of th¢e_pp indications are clearly visible. A better understand-
narrower peaks was calculated to be halfway between thﬁ_]g is gained by normalizing the original T&G—PB trans-

75% dose levels. The 75% dose level was used because thjsse dose profile by the all-leaf-open dose profile. The all-

was a double exposure image, and the narrower dose imagest onenx-direction dose profile has a triangle-shaped peak.

ends at approximately 50%. It was determined that there wagpe (rjangle shape is because the helical tomotherapy beam
a 0.74 mm shift between the two narrower peaks. The actu@|es not have a flattening filtst.A measure of the MLC
twist angle is calculated as follows: alignment can be inferred from the relative value of the
Twist angle=tan ! (shift distance/profile transverse peaks and valleys across the normalized transverse T&G—-PB
dose profile.
The xenon detector T&G—PB signal profile is shown in
This corresponds to a 0.12° jaw twist for a 0.74 mm shiftFig. 19. This profile was normalized by the all-leaf-open
distance and a 34 cm profile separation distance. Assumingenon-recorded signal profile. Overlaid on this plot is the
each measurement was accurate to within 0.1 mm yields aormalized film-recorded T&G—PB dose profile.
overall uncertainty of 0.026=0.1 mm/0.56 mm The MLC/gantry-plane twist results are shown in Fig. 20.
The two T&G—PB dips coincide exactly so there is no mea-
surable MLC twist.(Leaf 32 open and rotated 180° should
A transverse profile across the T&G—PB induced film im-produce a similar T&G—PB artifact as a sequential opening
age is shown in Fig. 18. The lower plot is the actual relativeof leaf 32 and 33.
dose profile. An all-leaf-open profile is shown as well. The The dose profile across the MLC/gantry COR exposures
is shown in Fig. 21. The difference between the lgéaf

separation distange 3

C. MLC alignment

Jaw/Gantry Plane Twist .
y T&G Transverse Profile
r
! ’,~ I e ———————————— S— 1
—— Normalized T&G Profile |
i |
§ X R — left side x Normalized Das T&G . ¢ ,
= Ll gt Sos ek SRS R ot o [ :_-; _Profile , AR g iy |
2 B 3 c
o o2
z 7]
[}
2 2
3 s
[
@« o«
-40 -30 -20 -10 0 ) 10 20 30 40 -250 -150 -50 50 150 250
Longitudinal (Z) Distance (mm) Lateral (X) Distance (mm)

Fic. 17. This is a plot of the two profiles taken along the jaw/gantry-planeFic. 19. The solid line is the previously shown film-recorded, normalized
alignment dose image. The shift of the two narrow peaks is a measure of thE&G—PB dose profile. The dashed line is the processed and normalized
jaw/gantry-plane misalignment. T&G—PB dose profile recorded by the xenon detectors.
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MLC Twist MLC / Detector Relationship
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Fic. 20. This shows the dose profiles taken across the double exposufé®: 22. This figure demonstrates the T&G-PB dip between a sequential
gantry-rotation leaf-32-open dose image. The shift between the two profile§PeNing of leaves 32 and 33 for the four cardinal angles of the gantry.
is a measure of the MLC/gantry-plane twist.

indicates that any effective combination of source-MLC-
detector shift upon gantry rotation is well within 1 detector,

28-29 gantry @ Qand center(leaf 32-32 gantry @ 0 which projects to 0.73 mm at the isocenter.

T&G-PB dips was measured to be 25.1 mm. The differenc
between the righfleaf 28—29 gantry @ 180@and center dip ,
was measured to be 24.7 mm. The assumption in this test - Détector alignment
that the physical difference between the center of leaves The xenon-detector recorded profile for a jaw setting of
28-29 and leaves 32-33 does not change upon gantry rot30.0 mm and a jaw offset of 7.5 mm, divided by the calibra-
tion. Therefore, the difference between the left—center andion jaw setting, indicated that the xenon detectors were
center—right dips is due to the shift between the center of theligned with the jaws. The ratio at the far left side is 0.835,
MLC and the gantry COR upon rotation. The measured dif-and the ratio at the far right side is 0.836. The symmetry
ference was 25.1 mm-24.7 mm, which equals a 0.4 mm shitbetween the left and right sides demonstrates that the xenon
in the T&G—PB artifact for leaves 32 and 33 upon rotation.detector and jaws are well aligned.
Therefore, the region between MLC leaves 32 and 33 is off-
set 0.2 mm from the COR. I\V. DISCUSSION

Figure 22 demonstrates the T&G—PB dip between a se-

uential opening of leaves 32 and 33 upon gantry rotation. o . o . 2
?’he xenorf)-dete?:tor recorded profiles arg shr?wn fgr the fou sed. This is advantageous in that it is relatively forgiving of
ilm placement. The exact beam location need not be known.

static gantry angles used. The minimum fluence between t 5
leaves is recorded at detector channel 389 for all gale/\/loreO\_/er, these tE?StS can be performed t?gfore the treatment
ouch is exactly aligned. Both of the conditions are probable

angles. This exact match for the relative shape of the profileg T o . i
uring initial beam commissioning since the final couch and
laser alignment are set afterwards. The film is large enough
to be forgiving of small placement errors. The only restric-
MLC - Center of Rotation tion is that the film not be moved between the first and sec-
ond exposure.

The source alignment test should be the executed fist. In
this case, the test for alignment is relatively simple, but the
source adjustment is relatively difficult since all the back-
shielding lead needs to be removed before the accelerator
can be moved. This test relied on the absolute position of the
jaws being accurate, i.e., the jaws are symmetrical and ex-
actly known relative to the primary collimator center. The
center-offset position is mechanically verified by an in-house
alignment jig. Precise servomotors control the relative mo-
tion. This test also relied on the jaws accurately focusing on
the pivot point. An erroneous source position calculation
would result if they did not. The error would approximately

Fic. 21. This is a transverse profile with respect to the MLC/COR doseequaI the prOdUCt of the angular mlsallgnmémlt radlan$

image. The relative difference between the T&G—PB indicators denotes thémfi the jaw rotation-point distance away fr(_)m the isocente'r-
position of the MLC center relative to the gantry isocenter. This could be anywhere from the proximal jaw-source posi-

Whenever possible, a double exposure film technique was

Relative Signal (%)

Lateral (X) Distance (mm)
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tion of 11 cm to the distal jaw-source position of 23 cm. the random size of the T&G—PB effects betwderequally
Mechanical engineering analysis indicates that a jaw/pivotfocused adjacent leaves due to random machining/assembly
point misalignment error greater than 0.1° is not likely. Val- variations. Nevertheless, an automatic analysis tool is under
ues less than that would not significantly alter the results. Alevelopment.
0.1° error about a rotation point halfway along the length of The MLC/gantry-plane alignment would be a difficult pa-
the jaws (17 cm for the source positionvould shift the rameter to fix, but it is not likely to be in error. This is
jaw-focus point 0.3 mm. This would perturb, but not radi- likewise for the MLC/xenon detector consistency. Both the
cally alter the results as the jaws sweep a distance of 2.5 miMLC and the detectors are fastened to the same high preci-
at the source plane. sion CT gantry, so it is not likely there would be an incon-
The source location results presented here relied simplgistency between them upon rotation. Regardless, like all
on the peak intensity signal. The response could easily be falignment parameters, it needs to be verified.
to a parabolic curve for better statistical results, if needed. The MLC/gantry COR results just need to be quantified.
However, since the solution to any misalignment is to movelhe optimization/dose calculation code is capable of opti-
the accelerator, it is not felt that such statistical accuracy ignizing with an MLC/COR offset.
warranted. The post-patient xenon-filled 762 element detection array
The MLC/source alignment is more easily adjusted byproved very useful. It was able to assist in its own alignment
moving the source rather than the MLC. Any recommendederification, both for its consistent mapping with the MLC
source adjustment would be in tiedirection, but it would leaves, and for its alignment with the plane of gantry rota-
be prudent to recheck all source and jaw alignment parantion. It was also shown to be able to adequately replace film
eters. The clinical physicist may wish to repeat some of thdor the MLC/source alignment test. The spatial resolution of
rotational tests described herein for the gantry at 0° and 180the detectors was almost as fine as digitized film results, as
for lateral gantry angles, and would be encouraged to do seletermined by the similarity between the transverse profiles
The principal is the same. The detector alignment test prein Fig. 18, for measuring the magnitude of the T&G-PB
sented was only done with the gantry at 0°. This also coulcffects. Any test that can be done via the xenon detectors can
be repeated at the four cardinal angles, if desired. The Uvbe automated and the results can be known in nearly real
unit showed no appreciable difference at those angles, but itme.
is possible that the accelerator structure could be perturbed
upon gantry rotation, and thus affect the detector/jaw alignV. CONCLUSION

ment. o o The first clinical helical tomotherapy machine has been
The Y-axis misalignment of the beam center is adjustedpstalled and commissioned at the University of Wisconsin.
by shifting offsets of the moveable jaws relative to their the accelerator x-ray source and the beam-collimation de-
nominal _offset positions. This is a very simp_|e softwa_re Pavices are well aligned. The tests for verifying and quantify-
rameter input value, as long as the source is approximately,q this were presented. Very little specialized equipment is
centered within the primary collimator. The next test pre-required. Radiographic film is the predominate dosimeter
sented checked if the moveable jaws moved equally and oRssed. A single specialized external ion chamber was used for
posite from the position at which they were set to have Ngne alignment test. The Hi-ART system provides a post-
Y-axis misalignment. It is reassuring if they do, but as |0n9patient megavoltage xenon-detector array that has proved
as any discrepancy is submillimeter, it will not matter clini- ,sefyl for many alignment tests.
cally as it can be dealt with separately in planning. An unac- TomoTherapy Incorporated has written software for fa-
ceptable jaw twist with gantry rotation value would be diffi- jjitating the analysis of film and xenon-detector data. Any

cult to correct, but could if need be. The MLC and otherest that can be performed with the xenon-detector data can
components would have to be removed beforehand. be automated and analyzed quickly.

The MLC/source alignment is an area that involved mul-
tiple source adjustments. The initial test showed a distinch ck NOWLEDGMENTS
MLC/source misalignment. This was made evident by the )
initial normalized T&G—PB transverse profil@ot show. This work was funded by TomoTherapy Inc. and by NIH
A careful accelerator alignment in th€direction has been PO1 CA088960.
shown not to affect the previously adjusted alignment in the
Y direction. However, the opposite was also shown for les§PPENDIX: HELICAL TOMOTHERAPY
careful adjustments. Therefore, when the accelerator is adeALIBRATION DETAILS
justed for MLC alignment, theY-axis misalignment tests The Task Group 51 protocol specifies the calibration pro-
should be repeated. The MLC/source alignment test proeedure for therapeutic megavoltage radiation be¥riisex-
duced the only results that were not quantified. The MLCplicitly specifies a setup of a 100 cm SSD and a percent
was considered sufficiently aligned via a visual inspection ofdepth dose measurement at 10 cm. The maximum tomo-
the T&G—PB profile. The magnitude of the T&G—PB peakstherapy field size is 5 cm by 64 cm at the isocenter, which is
and valleys are approximately equal. The symmetry at the faB5 cm away.
lateral edges is especially important for alignment determi- The couch is lowered by its maximum distance, 27 cm
nation. An automatic analysis tool is made more difficult byand a water tank is filled with 12 cm of water. This sets the
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