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Experimental simulations for tomotherapy beam delivery were performed using a computer-
controlled phantom positioner, a cylindrical phantond ar6 MV x-ray slit beam. Both continuous
helical beam and sequential segmented tomothe(@8y) beam deliveries were evaluated. Beam
junctioning problem due to couch indexing error or field width errors presented severe dose uni-
formity perturbations for SST, while the problem was minimized for helical beam delivery. Lon-
gitudinal breathing motions were experimentally simulated for helical and SST beam delivery.
While motions reduced the dose uniformity perturbations for SST, small artifacts in dose uniformity
can be introduced for helical beam delivery. With typical breath frequency and magnitude, for a slit
beam of 2.0 cm width at 4 rpm, the dose uniformity perturbation was not significant. A running
start/stop technique was implemented with helical beam delivery to sharpen the 20%—-80% longi-
tudinal dose fall-off from 1.5 to 0.5 cm. The latter was comparable to the corresponding dose
penumbra of a conventional 6 MV X010 cn? field. All together, helical beam delivery showed
advantages over SST for tomotherapy beam delivery under similar delivery conditions99®
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[. INTRODUCTION be used for conformal treatment with sequential gantry rota-
tion and couch longitudinal translation in the fashion of a
Much effort in radiotherapy has been devoted toward inversgaditional CT scanner. Two sets of collimator leaves allow
planning, employing modulated intensity beams to achievgyo adjacent slices of the target to be treated simultaneously.
conformal dose distribution's.** Mackie et al. proposed a The couch is then translated a distance of two segment
“tomotherapy” systen” It included inverse treatment plan- widths (two slit widthg longitudinally to treat the next seg-
ning, dose delivery, and verification subsystems for dynamignent of the target. This form of radiation treatment is re-
conformal radiotherapy. It would use a slit beam emergingerred to as the sequential segmented tomothe(S8) in
from a temporally modulated multileaf collimatéfMMLC)  this paper.
SyStem. The dose to the target would be delivered in a helical Local failure can be caused not oniy by an insufficientiy
fashion using continuous gantry rotations and simultaneougrescribed radiation dose delivered to the tumor, but also the
patient longitudinal translations similar to motions in helical inadequate geometric coverage of the tumor region by
(or spira) CT. As a result of the slit beam, only a part of the radijation!’ Patient or organ motion are factors that may
target would be irradiated at a given moment dUring th%ause inadequate dose coverage of a téﬁd@ﬂ'hese organ
treatment. The dose to the target would be delivered with th@notions may pose an obstacle for intensity modulation using
slit beam wrapping around the target in contrast to the contomotherapy or other proposed methods of nonuniform beam
ventional approach, in which the whole target is enclosed ijelivery?°-2* When a target is irradiated by a narrow slit
the projection of a large static beam. A TMMLC system, thepeam, motions cause the targeted segment to cross the beam
Peacock systen?NOMOS Corporation, Sewickley, PAis  and may cause nonuniform dose distributions and/or inad-
commercially available as an add-on component to convenequate dose coverage within the target, resulting in local fail-
tional medical linacs® The Peacock system was designed toure. In this regard, the superior—inferior motion is most im-
portant for tomotherapy beam delivery because the patient
apres?”ts'é?;éhe Southern Wisconsin Radiotherapy Center, Madison, Wigyoy|d be translated longitudinally. The lateral motion issues
b)lg(?g:i:ntly at trie Brown Cancer Center, University of Louisville, Louisville, are not much different from those treated with a large static
Kentucky 40202. field.
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Fic. 1. A schematic drawing of the phantom positioning device used to
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Fic. 2. A schematic drawing of the cylindrical water phantom.

simulate continuous helical beam delivery and sequential rotational beam

delivery.

If tomotherapy were successfully implemented, it would

provide an integrated means of three-dimensi¢88) con-

formal planning, dose delivery, and dose verification. Ex-

perimental evaluations of the beam delivery system are ne
essary to demonstrate its feasibility.

In this work we focused on the dosimetric characteristics,f
for helical tomotherapy. We also studied SST delivery, with

beam size defined by the linac jaws, for comparison. Proc

therapy helical beam delivery and SST using a uniform x-ray

beam from a conventional medical linear accelerator.

II. METHODS AND MATERIALS

A. The computer-controlled phantom positioning
device

C_

and 23 cm long with a 18 cm diameter. Each flat surface
piece that passed through the cylindrical central axis was
made of 0.3 cm thick high-impact polystyretwith an elec-

tron density of 1.02 times that of wajén order to minimize

the changes in photon and electron transport between the
water and the phantom material near the measurement site.
An air trap on the top of each half-cylinder allowed complete
illing of water by eliminating air bubbles. A ready-packed
Kodak XV film was placed between the two half-cylinders.

dures and devices have been developed to simulate tomez)r—he two half-cylinders were then held with a ring clamp at

each end, resulting in a full cylindrical phantom. Although

here is depth dependence in film response for a single x-ray
beam due to the differential energy response, Holmes has
shown that there was little depth dependency in response to
opposing beam&, which comprises the rotational beams

such as SST and helical beams, as described in this work.
This could be explained if the energy spectra from opposed
beams compensate each other in a way to produce similar

A computer-controlled phantom positioning device wasfjim responses, regardless of depth. The exposed films were
designed and constructed to aid in delivering continuous heéscanned on a Scanditronix REA-300 data acquisition system

lical and SST radiation beams to a phant@ee Figs. 1 and

with a 1.0 mm aperturéScanditronix, Newburyport, MA A

2) with a static horizontal slit beam. The linear motion WaSsjgnal-to-dose film response curve was measured for each
in the vertical direction. The phantom was rotated around gyperiment to convert densitometric readings to dose. Film

vertical axis. The system consisted of a Daddzedal Di-
vision, Parker Hannifin Corporation, Harrison City, P25

dosimetry was used to obtain relative dose distributions. The
dose values were normalized to the central point value of the

cm diameter rotary table, a Daedal linear stage with a 28 Clagme film when it was a uniform distribution. When dose
traveling length. All the movements and positions on eactyistriputions from different films are compared, energy con-
motion axis were driven by a c_omputer—controlled microstepseryation law was used wherever applicable. Otherwise, the
motor. The accuracy of the linear stage and the turntablgg|ative dose values of a dose profile were normalized to a

were stated by the manufacturer to beun and 3 mrad,
respectively’* This device may be loaded with up to 45 kg
when the center of gravity is on the rotational axis.

B. Cylindrical phantom

A cylindrical water phantonfFig. 2) was constructed spe-
cifically for film dosimetry. It consisted of two closed half-
cylindrical polymethyl methacrylatéacrylic) shells. Each
was fully filled with water. The Lucite shell was 0.6 cm thick
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point, within the profile, least deviated from a uniform dis-
tribution.

C. Helical tomotherapy simulation

A continuous helical beam was simulated using our
computer-controlled phantom positioning devi€ég. 1) and
cylindrical phantom(Fig. 2. The motion-control computer
was located outside the treatment room. A helical beam was
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delivered by simultaneously rotating and translating the idealized dose profile idealized beam intensity S(x,a)
phantom along the phantom central axis while a horizontal L "t V.Y UV
slit radiation beam was turned on. The gantry angle of a it
Varian (Varian Associates, Palo Alto, QAClinac 2100C i ® 2

was kept at either 90° or 270°. The collimator was set such

that the narrow dimension of the slit field was along the
vertical direction. The cylindrical phantom axis was posi-
tioned vertically on the rotary table of the computer-
controlled phantom positioner. The phantom cylindrical axis ; :
coincided with the rotational axis of the rotary table. While b
the phantom was rotating and vertically advancing, the static':> :
slit beam continuously irradiated the phantom until the de-
sirable total treatment length was reached. To avoid confu-
sion, the term “field width” is referred to the field dimen- ) ] ) ) )
sion’along the cylindrical axis of the. phantom, whereas, & 3 4a5ram for the coroluton of n eet ot s dose prfl
“field length” is referred to the field dimension perpendicu- pane). The result dose distribution is shown in the lower panel, wheré.
lar to the field width at the same distance from the x-ray
source. The field size is expressedlasgthxwidth. After
each rotation, the phantom translated a distance equal to oMé1ere S(x’,a) is a source function that represents a distri-
field width. The total length of the treated region would be bution of such beams along the longitudinal axis, with the
central axis ak’ and a distribution range. K(x—x',b) is a
L=(n—=1)-1, @) one-dimensional convolution kernel representing the dose
wherelL is the total longitudinal length of the region fully profile or distribution along the longitudinal axis from a
irradiated,n is the number of rotations delivered, anid the  single beam of width. For a fixed collimation, the kern&
slit beam width. was a measured central longitudinal dose distribution from a
A slit beam of 8.0 cnx2.0 cm was used in most experi- single static beam used to produce the helical and/or sequen-
ments. The phantom was rotated at 4 rpm. The relation betal beams in the cylindrical phantom. The source functon
tween the rotational motion and the linear motion was suchvas the distribution of the beams along the central axis of the
that the phantom was translated one field width longitudi-cylindrical phantom. Twenty beams per rotation distributed
nally upon a completion of one rotatigine., using helical evenly in angle were used for our calculation. Since each
CT terms; a pitch of one beam would have the same irradiation time, they were
equally weighted. As shown in Fig. 3, for an ideal square
kernel and source functions, the resulting dose distribution

D. Sequential segmented tomotherapy (SST) has a flat top with linear fall-off sides.
simulation

As a possible alternative to helical beam delivery, the SSTF. Experimental motion simulation
was simulated with the same experimenta}l apparatus in a patient longitudinal thoracic motions due to breathing
similar manner, except that there was no simultaneous rotggere simulated with the computer-controlled phantom posi-
tion and translation for SST. The slit beam was defined byjoning device. Several different combinations of motion
the jaws in the linac used in this work. The phantom wasyagnitude and frequency were used in our simulations. The
longitudinally advanced by one field width to the next seg-motions were simulated experimentally along the phantom
ment only after the completion of a rotation and before thegngitudinal axis with relative velocity between the slit beam

start of the next rotation. The beam was off during the lon-4nq the target for both sequential rotational beams and heli-
gitudinal translations between the segments. cal rotational beams.

x
of
E S
3 IR
o
E N

To determine reasonable values of breathing motion pa-
rameters, we studied video records of fluoroscopic images
for patients with gold seeds implanted in the thoracic region.

In addition to experimental measurements, theoretical cafhe superior—inferior motion magnitudéeak-to-valley
culations were performed for the longitudinal dose profileswas mostly under or near 1.0 cm, occasionally exceeding 1.0
along the central axis of the cylindrical phantom for both thecm. Deviations in displacement were varied from this experi-
helical and SST beamsvithout target motion The calcula- mental nominal value. The typical breath frequencies we ob-
tion was based on a one-dimensional convolution. In a hoserved were 10—-15 oscillations/min, but frequencies between
mogeneous medium, the dose absorlizdat pointx from 5 and 20 oscillations/min were investigated.
fields translated in the medium can be calculated by the fol-

E. Theoretical computation

lowing convolution equation: G. Simulation of the running start/stop procedure
B , , , To sharpen the dose gradient at the beginning and the end
D(X)_f S(x’,a)K(x=x",b)dx’, @ of the target, a technique called “running start/stop,” similar

Medical Physics, Vol. 24, No. 3, March 1997
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Fic. 4. The measured longitudinal dose profile along the phantom axis of a single &R.@ram beam. It served as a convolution kernel in dose profile
calculations(see Fig. 5.

to a technique used in a tracking Cc-60 machine, wasvere applied for the different field sizes used. There was no
proposed®28In the running start, the inferior collimator is linear translation of the phantom during the running start/end
opened at a predetermined rate, from a fully closed statugrocesses. Between the running start/end, the phantom was
while the phantom longitudinal position remains unchangedinder continuous helical motion while the beam was on. A
until the jaw is fully opened. During the running stop, both 8.0 cmx2.0 cm field was used during this phase. The con-
the phantom longitudinal position and the inferior jaw aretinuous helical motion was such that the distance translated
kept unchanged, and the superior jaw is closed graduallgquals the slit width after completion of each rotatipitch
toward the inferior jaw at a predetermined rate. This tech-of 1).
nigue was introduced to sharpen the dose fall-off at the lon-
gitudinal edges of a target for the helical beam delivery.
However, a continuous running start/stop implementation rel-”' RESULTS
quires dynamic control of jaw positions, which was not Figure 4 is a measured longitudinal dose profile, along the
available. A series of static slit beams, as described belowghantom central axis, of a static beam. The field size was 8.0
was implemented for dosimetric evaluation. The independentmx2.0 cm at the isocenter. The source-to-phantom axis dis-
jaw feature on the Varian Clinac 2100C was utilized. tance was 100 cm and 20 MU was irradiated for the single
At the beginning of the helical beam running start, thefield. Figure 5 shows a measured central longitudinal dose
beam slit width was set at 2.0 mm for the first beam. A fixedprofile for one rotation of a helical beam, together with a
amount of radiation was given at this position. After the corresponding profile calculated using the one-dimensional
completion of irradiation at this position, the inferior jaw convolution. The dose profile of the single beam in Fig. 4
was extended 2 mm, as measured at the isocenter, while tiveas used as the kernel for the calculation. The source distri-
phantom rotated to the next position. This was repeated untbbution consisted of 20 beams per rotation, evenly distributed
the jaw was fully opened to its desirable width. The initial angularly and longitudinally. The central ray of each beam
jaw position was set in such a way that when the jaws werevas 1.0 mm apart. Also shown is a triangle function that is
fully opened, the jaw pair was symmetric about the centrathe result described in Fig. 3 if the dose profile for a single
ray of the beam. During the last rotation of the beam, thebeam was rectangular and the beam distribution was constant
running stop was implemented. The superior jaw was reever the targeted region.
duced 2 mm after each rotational movement until the field The curves shown in Fig. 6 are measured and calculated
length reached 2 mm. Ten even angularly distributed posieentral longitudinal dose profiles for helical beam simula-
tions were chosen and eight monitor units were given fotions for multiple rotations. The calculated profile was ob-
each of these angular positions. No differential output factorsained using Eq(2). The beam size is again 8.0 &2.0 cm.

Medical Physics, Vol. 24, No. 3, March 1997
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Fic. 5. The longitudinal dose profiles along the phantom axis for one helical rotation. The field size was<@®am. The calculated and measured profiles
are nearly identical. Also shown for comparison is a triangular function.

The phantom was rotated at 4 rev/min with simultaneoudrigure 7 shows the calculated longitudinal dose profiles for
translation at a speed of 2.0 cm/rev. Forty MU were deliv-helical beams with slit widths of 1.9, 2.0, and 2.1 cm. They
ered for each rotation of the helical beam. The off-axis relahad the same field length of 8 cm. The dose values in all
tive dose profiles were nearly identical to those shown herehree profiles were normalized to the central point value of
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Fic. 6. Longitudinal dose profile along the phantom axis for continuous helical delivery. Field size: &R.@ram. The longitudinal translation was 2.0
cm/rotation for a pitch of 1.0. The running start/stop of the jaws defining the slit width was not performed.
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Fic. 7. The calculated helical beam dose profiles for slightly different slit widths: 2.1, 2.0, and 1.9 cm. The field length is 8 cm. The relative dose values are
normalized to the dose at the center of the profile for 2.0 cm slit width.

the profile for 2.0 cm slit width. The relative longitudinal tive profile. However, the absolute dose level at the central
dose profile(when normalized to its own profile centavas  region differed by about 5% when the same amount of moni-
not sensitive to the field width. A 1.0 mm increase or de-tor units were given.

crease in field width from 2.0 cm resulted in the same rela- Figure 8 shows two measured transverse dose profiles for
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Fic. 8. Transversdperpendicular to the phantom axis with the origin passing through the dage profiles for continuous helical beam delivery with
different field sizes.
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Fic. 9. The measured longitudinal dose profiles for helical beam delivery along the phantom axis of symmetry with simulated longitudinal target motion. The
target motion frequency was eight cycles/min with magnitudes of 0.5 or 1.0 cm. The beam size wax8.0 cm. The helical beam was rotated at 4 rpm,
and linearly translated at 2.0 cm/rotation. The running start/stop was not performed.

continuous helical beams at the center of the irradiated volmagnitude and 10 cycles/min in frequency. The slit widths
ume measuring 5.0 crB.0 cm and 8.0 ¢ty 8.0 cm(the first  were 0.5, 1.0, and 2.0 cm. The longitudinal dose profile with
volume dimension is in the transverse direcfiofihe slit 0.5 and 1.0 cm slit widths were very close to that of the
beam field sizes were 5.0 ¢n2.0 cm and 8.0 ¢cm2.0 cm  non-breathing-motion helical beam. For the 2.0 cm slit
correspondingly. width, the flatness was worse, but was still withir2% in
Figure 9 displays measured longitudinal dose profiles ajnost regions, excluding the dose fall-off regions. As the fig-
the phantom central axis with longitudinal oscillating tumor e shows, the smaller the field width, the sharper the pen-
motion during the helical beam irradiation. The 2 cm widempra of the total irradiated volume. However, with the run-

helical slit beam moved at 4 rpm simultaneously with 2.0 start/stop technique implemented, there should be little
cm/rev longitudinal translation speed. The frequency of thebr no penumbra width variation as a function of field width.

simulated target motion was 8 cycles/min, which was smaller The experimental studies were also carried out for SST.

than typical breathing rates. The magnitudes of the 1argety e measured longitudinal dose profiles for different field

oscillation were 0.5 or 1.0 cm. Since only the relative mOtlonwidths, with or without motion, are shown in Figs. (&2and

between the beam and target is determinative, this woul(b(b) For a1 mm difference in the field width and the

also be the result for any case with the same ratio of thé . . 0 0
target motion frequency and the helical beam rotation fre—COUCh adva.ncemel(nte., the index erroy a+15 .A)_ZQ/O hot
r cold regions would be developed at the junction of the

guency while all other parameters remain unchanged. Th@ . . .
relative off-axis dose profiles in the central region with mo- Segments for a static target. The motion served to effectively

tion were nearly identical, except there was a very smalP!Ur the beam junction for each segment so that the field
phase shift in the dose perturbations. abutting position was less critical. The extension of the pen-

Figure 10 shows the measured longitudinal dose profile§Mbra can be better observed for the 2.0 cm field le(fith
for 2 cm width helical beams with a 1.0 cm magnitude 13), where motions with 10 and 20 cycles/min almost had
breathing motion at different frequencies ranging from 5 tothe same effect.
20 breaths per minute. The profiles for higher breathing fre- Figure 14 shows the measured longitudinal dose profiles
quencies were very close to the profile without motion. Thefor helical beams with a simulation of the discretely deliv-
greatest perturbation was for the target speed that was close®fied running start/stop technique implemented using static
to the helical beam longitudinal speed. fields of different slit widths to sharpen the inferior—superior
Figure 11 shows the measured longitudinal dose profileglose fall-off region. Between the running start and the run-
with simulated target motion for helical beams of differentning stop regions, the helical beam dose profile was continu-
slit widths. The simulated breathing motion was 1.0 cm inous and obtained in the same fashion of that of Fig. 5. A

Medical Physics, Vol. 24, No. 3, March 1997
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Fic. 10. The measured longitudinal dose profiles along the phantom symmetric axis for helical beams with simulated longitudinal target motion. The simulated
target motion magnitude was 1.0 cm. Motion frequencies were 5, 10, and 20 cycles/min, corresponding to the curves in order of decreasing deviations in the

central region. The beam size was 8.0>t0 cm. The beam was rotated at 4 rpm and linearly translated at 2.0 cm/rotation. The running start/stop was not
performed.
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Fic. 11. The measured longitudinal dose profiles along the phantom symmetric axis for helical beams with simulated longitudinal target motion of ten
cycles/min and 1 cm magnitude for different field widths: 2.0, 1.0, and 0.5 cm. The field length is 8 cm. The running start/stop was not performed.
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Fic. 12. The measured longitudinal dose profiles along the phantom symmetric axis for sequential beams with and without simulated longitudinal target
motion of 10 cycles/min and 1 cm magnitude for fields with different beam width but the same longitudinal translational distance of 2.0 cm. The profile for
a 2.0 cm slit beam without motion is shown as a referef@eis for a 2.1 cm beam widthb) is for a 1.9 cm beam width.

profile for a helical beam without using this technique isform longitudinal dose distribution as long as the matching

shown in this figure for comparison. point is within a few millimeters of the 50% dose level and
the matching point is consistent through the whole region. In
IV. DISCUSSION other words, the systematic errors in the collimator setting or

The dose profile for a complete rotation of helical beamC0Uch motion would not perturb the relative dose uniformity
delivery (Fig. 5) represents a basic element of helical beanflelivered by such a beam. The absolute dose level may
dosimetry. For the ease of discussion, we can imagine th&hange approximately directly proportional to the field width
this beam profile is produced by a conventional beam with &nd inversely proportional to couch velocity. However, an
beam modifier so that the profile has a triangular shape. Theaccurate collimator and couch velocity are much easier to
the helical tomotherapy delivery could be viewed as a SSBssure than junction matching. The dose uniformity as exhib-
delivery with such a triangular-shaped beam. The linearityited by longitudinalFig. 6) and transverse dose profilgsg.
and slow dose fall-off determined that the field matching?) for helical beam delivery were adequate in the intended
between adjacent SST segments of this hypothetical beatreatment area. With intensity modulation, the transverse
would not be position sensitive. It almost guaranteed a unidose fall-off would be made sharper, where it is required to

Medical Physics, Vol. 24, No. 3, March 1997
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Fic. 13. Longitudinal dose profiles along the phantom axis for sequential beams with 1.0 cm magnitude and 10, 20 cycles/min target motions. The field size
is 8.0 cmx2.0 cm. The curve with the sharper fall-off is the profile without motion.

spare critical normal tissue, and less steep where there is no The SST can deliver a uniform dose distribution for a
neighboring critical structures. This is mainly because lesperfectly matched sequential rotational beam. The traditional
primary beam intensity would directly pass through criticalfield boundary matching as used in the SST technique re-
structure and more would pass through noncritical regions.quires high precision due to its sharp fall-gFig. 4). Since
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Fic. 14. Longitudinal dose profiles along the phantom axis for a helical beam with the running start/stop technique. The field size w&2.8 €necnexcept
during the start/stop phase, where ten static beams of various slit widths per rotation used as an approximation for the continuous running start/stop technique.
The curve with the larger penumbra was the corresponding dose profile without the running start/strop technique.
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the helical beam is continuously advancing, no interruptiorquency of motion, there will be an upper limit for the rota-
is needed before the whole irradiation could be deliveredtional speed of the beam to achieve a satisfactory uniform
This eliminates the possible human positioning errors andlose in the target. This limit will also be affected by the field
couch index errors involved in the SST technique, in which awidth. This is because the field width and the rotational
treatment would be frequently interrupted in order to adjustspeed of the beam determine the linear translational speed of
patient position after each segment. Should such an erréhe phantom or patient. For the helical beam, rapid motions
occur in SST, the dose uniformity would be severely per-such as the beating heart would not affect the longitudinal
turbed, as could be seen in Fig. (@irves with no motiop dose uniformity, since the frequency of the motion would be
where a+0.1 cm error in the actual x-ray field length and the much higher than the rotation frequency of the helical slit
translation distance can result in up to a 20% deviation fronbeam.
the desirable dose. This was due to the sharpness of the doseAs shown in Fig. 14, a simple discrete running start/stop
fall-off of the slit beam. However, the 1 mm difference in technique as implemented here could reduce the 20%—-80%
field width did not affect relative dose uniformity in helical fall-off from 15 to 5 mm. The latter is better or the same as
beam delivery. The absolute dose could be maintained at thee similar dose fall-off region for a typical 6 MV field in
same level by adjusting the monitor units accordingly. conventional radiotherapy. Though the discrete running start/
The longitudinal breath motion did nothing but extend stop will not be used in real clinical treatment, it provides an
slightly the dose fall-off at the superior—inferior boundariesexperimental confirmation. A dynamic running start/stop
for the perfect matched SSFig. 13. However, if the match implementation is expected to achieve a similar effect, if not
is off by +0.1 cm, only a*=7% dose variation would result better.
(Fig. 12. It was muchbetter than variationswithout the
target motion for the SST technique. This indicates that; coNnCLUSIONS
small longitudinal blurring mechanically produced by the

: ; onp 15
collimator or couch could reduce the magnitude of possible Heélical beam delivery, as proposed by Macleal,
junctioning artifacts. could deliver uniform dose distributions in the target volume,

Our motion studies have also shown, for motions typicalbom longitudinally and transversely. The running start/stop

of excursions due to breathing, that the dose fluctuation wa§Cchnique could sharpen the overall longitudinal dose fall-off
less than=5% for a single treatment for helical beam deliv- '€910NS dramatlgally, mal_(lng it comparablg to' thgt of con-
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acceptable. It is not hard to see that the dose perturbatighPl€ o breathe in this fashion, a larger field width and/or a
depends on the relative speed between the target motion aStPWer gantry rotation may reduce the artifacts.

longitudinal translational speed of the slit beam. The hottest/ 'I_'hese result_s can brqadly be ge_nerallzec_j to aI_I forms of
coldest spot would be produced when they have the sami@diotherapy with intensity modulation. Motion will cause
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breath motion. This would cause the longest irradiation timéhe effects will depend on the degree of modulation and the
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irradiation time at another spot when they travel in the op-

posite directions. The dose perturbations reduced rather rageCKNOWLEDGMENTS
idly with an increasing difference in the longitudinal speeds
of the target and slit beam. For slower breathing frequencie%
the helical beam rotation frequency and/or slit beam width
may need to be adjusted appropriately to reduce the dose _ _ .
perturbations. The location of the hot or cold spot depends A- Brahme, J-E. Roos, and I. Lax, “Solution of an integral equation
on the relative phase difference between helical motion and ?fgg;htered in rotation therapy.” Phys. Med. Bidl7, 1221-1229
target motion. Assuming that the phase difference for each2a. M. Cormack, “A problem in rotation therapy with X-rays,” Int. J.
treatment is randomly distributed, the total dose distribution Radiat. Oncol. Biol. Physl3, 623—639(1987. _ o
for a typical 20-fraction treatment will be much smoother @1' Brah;“e'h “.Op“m,',zst"(’j’_‘ t?]f Staot'oraél‘zrylggd oo beam radiation
than the single fraction distribution. For a fixed breathing 4Né,?péaﬁﬁ,rlfﬁ?§(,ersae ;f’mtjgm inncrot’aﬁon_rad?étherzby,w Int. J. Ra-
frequency, a slight difference in motion magnitude did not diat. Oncol. Biol. Phys18, 425-431(1990.

affect the dose variation much. For a fixed beam rotational °H. Kooy and N. H. Bath, “The verification of an inverse problem in

- At : : radiation therapy,” Int. J. Radiat. Oncol. Biol. Phyis3, 433—4391990.
speed and a fixed target oscillation magthde’ the hlgher th . Bortfeld, J. Bukelbach, R. Boesecke, and W. Schlegel, “Methods of

oscillatipn frequency, the smoother th.e dose prc(ﬁ@ Fig. image reconstruction from projections applied to conformation radio-
10). This suggests that, for a certain magnitude and fre- therapy,” Phys. Med. Biol35, 1423—-14341990.

This work was partially supported by NCI Grant No.
A48902 and NRSA Grant No. T32CA09206.

Medical Physics, Vol. 24, No. 3, March 1997



436 Yang et al.: Investigation of tomotherapy beam delivery

S. Webb, “Optimization of conformal radiotherapy dose distribution by
simulated annealing,” Phys. Med. Bid34, 1349-1370(1989.

8S. Webb, “Optimization by simulated annealing of three-dimensional
conformal treatment planning for radiation fields defined by a multileaf
collimator,” Phys. Med. Biol.36, 1201-12261991).

9S. Webb, “Optimization of conformal radiotherapy dose distributions by

simulated annealing: 2. Inclusion of scatter in the 2D technique,” Phys.

Med. Biol. 36, 1227-12371991).

105, Webb, “Optimization by simulated annealing of three-dimensional
conformal treatment planning for radiation fields defined by a multileaf
collimator: Il. Inclusion of two-dimensional modulation of the x-ray in-
tensity,” Phys. Med. Biol.37, 1689—17041992.

1B, K. Lind, “Radiation therapy planning and optimization studied as
inverse problems,” Ph.D. thesis, Stockholm University, Stockholm, 1991.

12T W. Holmes, T. R. Mackie, D. J. Simpson, and P. Reckwerdt, “A

unified approach to the optimization of brachytherapy and external bean123A S 7

dosimetry,” Int. J. Oncol. Biol. Phys20, 859-873(1991).

137, Holmes and T. R. Mackie, “A filtered backprojection dose calculation
method useful for inverse treatment planning,” Med. P3%.303-313
(1991.

1T. Holmes and T. R. Mackie, “A comparison of three inverse treatment
planning algorithms,” Phys. Med. BioB9, 91-106(1994.

15T, R. Mackie, T. Holmes, S. Swerdloff, P. Reckwerdt, J. O. Deasy, J.

Yang, B. Paliwal, and T. Kinsella, “Tomotherapy: A new concept for the ,

delivery of dynamic conformal radiotherapy,” Med. Phy&D, 1709—
1719(1993.

M. P. Carol, “Beam modulation conformal radiotherapy,” 3D Radia-
tion Treatment Planning and Conformal Theragylited by J. A. Purdy,
and B. Emami(Medical Physics Publishing, Madison, WI, 1995

YA. L. Boyer and T. Schultheiss, “Effects of dosimetric and clinical un-
certainty on complication-free local tumor control,” Radiother. Oncol.
11, 65-71(1988.

Medical Physics, Vol. 24, No. 3, March 1997

436

18C. Ross, D. H. Hussey, E. C. Pennington, W. Stanford, and F. Doombos,
“Analysis of movement of intrathoracic neoplasms sing ultrafast comput-
erized tomography,” Int. J. Radiat. Oncol. Biol. Phys8, 671-677
(1990.

1%, Onogi, Y. Aoki, K. Nakagawa, A. Akanuma, and Y. Sasaki, “A new
method for target evaluation with organ movemer®fbceedings of the
Xlth International Conference On The Use of Computers in Radiation
Therapy(Christie Hospital NHS Trust, Manchester, UK, 1994

20A. L. Boyer, T. R. Bortfeld, D. L. Kahler, and T. J. Waldron, “Multileaf
collimation for 3-D conformal radiotherapy,” in Ref. 16.

21p. J. Convery and M. E. Rosenbloom, “The generation of intensity-
modulated fields for conformal radiotherapy by dynamic collimation,”
Phys. Med. Biol.37, 1359-13741992.

22B. A. Fraass, D. L. McShan, M. K. Kessler, G. M. Matrone, and T.
Weaver “Computer-controlled conformal radiation therapy,” in Ref. 16.

acarias, R. G. Lane, and I. I. Rosen, “Assessment of a linear
accelerator for segmented conformal radiation therapy,” Med. P2s.
193-198(1993.

2parker Hannifin Corporation, “Daedal manual & motorized positioning
systems,” Harrison City, PA.

25T, W. Holmes, “A model for the physical optimization of external beam
radiotherapy,” Ph.D. thesis, University of WiscondiMedical Physics
Publishing, Madison, WI, 1993

5T. J. Davy, P. K. Johnson, R. Redford, and J. R. Williams, “Conforma-

tion therapy using the tracking cobalt unit,” Br. J. RadiéB, 122-130
(1975.

27T, J. Davy, “Physical aspects of conformation therapy using computer-
controlled tracking units,” inProgress in Medical Radiation Physics
edited by C. G. Ortor{Plenum, New York, 1985 Vol. 2.

2W. A. Jennings, “The tracking cobalt project: From moving-beam
therapy to three-dimensional programmed irradiation,” in Ref. 27.



