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Helical tomotherapy is a dedicated intensity modulated radiation therapy~IMRT! system with
on-board imaging capability~MVCT! and therefore differs from conventional treatment units.
Different design goals resulted in some distinctive radiation field characteristics. The most signifi-
cant differences in the design are the lack of flattening filter, increased shielding of the collimators,
treatment and imaging operation modes and narrow fan beam delivery. Radiation characteristics of
the helical tomotherapy system, sensitivity studies of various incident electron beam parameters and
radiation safety analyses are presented here. It was determined that the photon beam energy spec-
trum of helical tomotherapy is similar to that of more conventional radiation treatment units. The
two operational modes of the system result in different nominal energies of the incident electron
beam with approximately 6 MeV and 3.5 MeV in the treatment and imaging modes, respectively.
The off-axis mean energy dependence is much lower than in conventional radiotherapy units with
less than 5% variation across the field, which is the consequence of the absent flattening filter. For
the same reason the transverse profile exhibits the characteristic conical shape resulting in a 2-fold
increase of the beam intensity in the center. The radiation leakage outside the field was found to be
negligible at less than 0.05% because of the increased shielding of the collimators. At this level the
in-field scattering is a dominant source of the radiation outside the field and thus a narrow field
treatment does not result in the increased leakage. The sensitivity studies showed increased sensi-
tivity on the incident electron position because of the narrow fan beam delivery and high sensitivity
on the incident electron energy, as common to other treatment systems. All in all, it was determined
that helical tomotherapy is a system with some unique radiation characteristics, which have been to
a large extent optimized for intensity modulated delivery. ©2004 American Association of Physi-
cists in Medicine. @DOI: 10.1118/1.1639148#
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I. INTRODUCTION

While some of the physical and dosimetric characteristics
photon and electron radiation therapy units can be measu
the most complete description of the radiation field is p
vided through Monte Carlo simulations. Therefore, it is n
surprising that much effort has been put in detailed, accu
and versatile simulations of almost all currently existing
diotherapy units in the last two decades.1–30 Monte Carlo
simulations were initially of a more qualitative nature b
cause of long calculation times and difficulties in specifyi
complex geometry of a linear accelerator head. Particul
with the efforts of the OMEGA project and introduction o
the BEAM code31 the simulations became much more quan
tative and widespread. Besides of theBEAM code, based on
the EGS Monte Carlo transport code32,33 several other codes
like MCNP,34 PENELOPE,35 PEREGRINE,11 have been used a
well.
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Most of the photon radiation therapy units have a ve
similar structure, composed of a high atomic number targ
where the incoming electron beam from the linac crea
bremsstrahlung radiation, primary collimator, where t
beam is shaped into the maximum field size and shiel
outside, flattening filter, where the radiation field is flattene
monitor chamber, where the output is monitored; and
secondary collimator, where the beam is shaped into the fi
shape. Optionally, additional beam modulators like wedg
compensators or multileaf collimators are used to modu
the beam intensity of an open field.

In this work a recently developed and in some aspe
nonstandard radiotherapy system—helical tomotherapy36 is
investigated. Helical tomotherapy is the first treatment u
dedicated to intensity modulated radiotherapy~IMRT! and a
fully integrated image guided radiotherapy system with
on-board mega-voltage CT~MVCT! capability. It was devel-
3961„2…Õ396Õ9Õ$22.00 © 2004 Am. Assoc. Phys. Med.
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oped and constructed at the University of Wisconsin
Madison and TomoTherapy Inc., Madison, WI. The first p
totype investigated in this study was installed at Univers
of Wisconsin Hospital and Clinics in Madison, WI, USA.
should be mentioned that the prototype~Hi-ART I ! and sub-
sequent commercial units~Hi-ART II ! do not differ signifi-
cantly in their radiation characteristics; therefore, the res
of this work should be directly applicable to current comm
cial units. All the potential differences between the two s
tems are explicitly mentioned.

The basic radiation source of the helical tomotherapy s
tem is a linear accelerator mounted on a rotating gantry s
larly to a CT scanner. The radiation is delivered to a pati
in a helical way, obtained by concurrent gantry rotation a
couch/patient travel. The treatment field is modulated wit
64-leaf binary multileaf collimator. Contrary to other sy
tems the source to axis distance~SAD! is 85 cm instead of
the usual 100 cm. The radiation field has a fan shape with
maximum transverse dimension of 40 cm and variable lat
dimension~i.e., slice thickness! of up to 5 cm, defined by the
jaw ~secondary collimator! opening. Because the helical to
motherapy system is a dedicated IMRT system it differs
several ways from other radiotherapy systems. The most
portant difference are the absence of a flattening filter, a
target, an electron stopper, a beam hardener and a com
primary collimator, which cause the radiation field to be s
nificantly different from that of other treatment units.

Because of the mentioned differences relative to a s
dard radiotherapy machine, the main focus of this paper is
the description of radiation characteristics of the helical
motherapy unit, especially in parts where it differs from sta
dard accelerators.

II. MATERIALS AND METHODS

The Monte Carlo model of the helical tomotherapy tre
ment unit was based on detailed mechanical specification
the linac head components and the materials used in m
facturing. For this reason, the number off unknown para
eters in the model was minimal and the accuracy of
model uncompromised. In addition to the treatment hea
binary multileaf collimator has been modeled, also includ
all the details. It should be emphasized that the model
constructed with the accuracy that surpasses the accura
other treatment unit models. The reason is that all the ma
facturer’s data was fully disclosed. The Monte Carlo mo
of the helical tomotherapy treatment unit head is shown
Fig. 1.

The Monte Carlo code used in our studies wasMCNP4c334

with its default cross section libraries. TheMCNP code was
chosen because of the flexible combinatorial geometry ca
bilities required for detailed modeling of the system. Ho
ever, no significant differences in the simulation resu
would be expected if an alternative Monte Carlo code, l
EGS4 BEAMwould be used.26 In the simulations, the only free
parameter that had to be tuned were characteristics of
incident electron beam on the target~spatial, angular and
energy distribution!. The electron beam incident on the targ
Medical Physics, Vol. 31, No. 2, February 2004
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was modeled to be Gaussian in energy and spatial distr
tion with the normal incident direction.

Three phase space scoring planes were used in the c
plete Monte Carlo model of the helical tomotherapy un
The first one was placed between the treatment head
multileaf collimator, the second one after the multileaf col
mator ~before the patient! and the third one after the patien
~before the detector!. Since in this work only radiation char
acteristics of the radiation treatment unit were investigat
only the upper part of the model was applicable~see Fig. 1!.
The following variance reduction methods were used in
der to increase the simulation speed: geometry c
dependent energy cut off, geometry importance splitti
Russian roulette and bremsstrahlung splitting. At least9

source particles were used for phase space calculation, w
was typically 10-times recycled for dose calculations. All t
simulations were performed at the open field geometry c
ditions, which corresponds to a 5340 cm2 field at an 85 cm
surface to source distance, except where stated otherw
Scoring regions for depth dose calculations were 10310
35 mm3. The average spectra were scored in the centra
340 cm2 area, except for the off-axis dependence where
scoring regions were 435 cm2. Resolution in the dose pro
file calculations was 5 mm for the transverse~in-slice! profile
and 1 mm for the lateral~across-slice! profile. Sensitivity
studies on the incident electron beam position and direc
were performed with 0.5 mm resolution. Statistical errors
Monte Carlo simulations were kept below 1% for most of t
simulations. Because of the low statistical error, no error b
are shown in the results.

All the measurements used in this study were also p

FIG. 1. Model of the helical tomotherapy unit as used in the Monte Ca
simulations. No geometrical or material simplifications were introduced
order to avoid systematic errors in the results. Different structures within
head are marked. The phase space scoring plane below the primary co
tor is shown.
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formed at the open field geometry conditions. Depth d
distributions were measured with an Exradin A12 farm
chamber~Standard Imaging, Middleton, WI! in a motor con-
trolled TG51 calibration system~Standard Imaging, Middle-
ton, WI!. Kodak EDR2 Ready-Pack film~Eastman Kodak
Company, Rochester, NY! was used for profile measure
ments in custom made Solid Water slabs~Gammex Inc.,
Middleton, WI!. A Howtek MultiRAD 450 film scanner
~Howtek, Hudson, NH! was used for film scanning. Mea
surement errors were estimated to be below 1%; theref
they are not shown in the results.

The Monte Carlo model was commissioned using
measured dose distributions using a standard iterative c
missioning procedure. During this procedure, the incid
electron beam was characterized. In all subsequent stu
these parameters were used. For comparison to other
tems, two Varian Clinac treatment units~600C/D and 2100C!
were simulated. While the geometric models of the Var
units were accurate~according to the manufacturers standa
Monte Carlo geometry specifications!, the incident electron
beam parameters were assumed to be the same in all
~incident energy 660.5 MeV, uniform radial distribution
with the diameter of 2 mm!.

III. RESULTS

A. Monte Carlo model commissioning

The first step in the Monte Carlo modeling was comm
sioning of the model to match the dose measurements.
depth dose curve and transverse dose profiles were use
the main dosimetric quantities during Monte Carlo mod
commissioning. The best fit with the experimental valu
was obtained with incident electron energy of 5.7 MeV. T
energy~Gaussian! spread was found to be rather unimpo
tant. The standard deviation was kept at approximately 5%
the nominal energy, or 0.3 MeV in our case. The radial
pendence of the incident electron beam was also modele
be Gaussian with the FWHM of 1.4 mm. The comparis
between the commissioned beam and measuremen
shown in Fig. 2.

In addition to tuning the incident electron beam para
eters, it is possible to calculate the Monte Carlo model c
bration factorNMC , or the number of incident electrons o
the target. The comparison was performed for the
35 cm2 calibration field, 85 cm SSD and point o
measurement/calculation at 10 cm depth. The average
rate atDmax, Ḋ is about 10 Gy/min. The Monte Carlo cal
bration factorNMC , can be calculated from the ratio of th
measured dose per pulseDmeas/pulse ~or the ratio of the
measured dose rate and pulse frequencyḊ/n) and Monte
Carlo calculated dose per source particle~incident electron!
DMC /s.p.,

NMC5
Dmeas/pulse

DMC /s.p.
5

Ḋ/n

DMC /s.p
. ~1!

In the case of helical tomotherapy this results in 3
31012 e2/pulse. However, this number should be seen o
Medical Physics, Vol. 31, No. 2, February 2004
e
r

e,

e
m-
t

ies
ys-

n

its

-
he
as

l
s

of
-
to

is

-
i-

0

se

y

as an estimate since the linac electron fluence output ca
adjusted with the variation of the order of 10%. The incide
electron beam parameters and calibration factor determ
through Monte Carlo model commissioning were us
through our studies, except where stated otherwise.

B. Photon energy spectrum

The single most important characteristic of any radiat
field is its energy spectrum. Even though the helical tom
therapy system is significantly different from other radi
therapy units, its spectrum is rather comparable to Var
Clinac spectra for the beams of the same nominal energ
seen in Fig. 3.

It is expected that the energy spectra should not be
different, since most of the spectrum shape is dominated
the characteristic bremsstrahlung spectrum. Only the sp
trum details are dependent on the geometry details, e
cially in the lower energy part of the spectrum.

Another important characteristic of the photon spectr
is its angular dependence. While it is known that in conve
tional treatment linacs the off-axis beam softening~or
equivalently central-axis beam hardening! is substantial and

FIG. 2. A comparison of Monte Carlo calculations and measurements of
central axis percent depth dose~PDD! distributions ~top! and transverse
~in-slice! profiles~bottom!. The ionization chamber was used for depth do
measurements and film for the profiles. The statistical error of Monte C
simulations was below 1% in both cases.
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can be of the order of 30%–40%,15 there is very little off-
axis spectrum changes in the helical tomotherapy beam~Fig.
4!. The mean energy of the photon beam, which is 1.49 M
in the center decreases by only about 5% to 1.43 MeV for
most distant part of the fan beam~about 20 cm off-axis!. The
reason for this small difference is the absence of the flat
ing filter, which contributes most of the off-axis spectral d
pendence. It should be emphasized that the almost neglig
off-axis spectral dependence is very favorable for comm
sioning of the convolution/superposition dose calculation
gorithm used in the treatment planning system.

Because the helical tomotherapy system plays a d
role—treatment and imaging, there are also two differ
modes of operation—treatment modeand MVCT imaging
mode. In the MVCT imaging mode the energy of the incide
electron beam is reduced in order to provide the beam w
better imaging characteristics~better contrast per given
dose!. The spectra of both modes are shown in Fig. 5. T
best energy match with the experimental data was appr
mately 3.5 MeV for the MVCT imaging mode. This leads
the average photon beam energy of about 1.5 MeV for
treatment mode and 1.0 MeV for the imaging mode.

C. Photon fluence shape

One of the most important differences of the helical
motherapy system compared to other radiation therapy
tems is that it does not have a flattening filter, which wou
make the dose at depth more uniform. This results in
characteristic conical-shaped transverse~in-slice! fluence
profile shown in Fig. 6.

The main reason for allowing the nonuniform profile
that helical tomotherapy is a dedicated IMRT system, wi
out a need for the flat dose profile. If still desired, the m
tileaf collimator can be used to modulate the treatment fi
to produce a flat dose distribution. On the other hand, as s
from Fig. 6, the absence of the flattening filter increases

FIG. 3. Photon energy spectrum of helical tomotherapy, compared to
different Varian Clinac units, 2100C and 600C/D. All of the systems w
set to have the same incident electron beam~incident energy 660.5 MeV, 2
mm in diameter!. The spectra are normalized to better show spectral c
acteristics.
Medical Physics, Vol. 31, No. 2, February 2004
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dose output in the center of the field by approximately tw
fold compared to the edge of the field. This leads to an
creased average dose rate and consequently reduced
ment times for patients.

Since the maximum slice thickness of the helical tom
therapy system is approximately 5 cm, the conical fluen
shape, as observed in the transverse profile, is hardly no
able in the lateral~across-slice! fluence profile, as shown in
Fig. 7. On the other hand, because the helical tomother
delivery is a narrow slice delivery, when fields smaller th
approximately 2 cm are used, the intensity is reduced
cause of the obscured virtual source. The blocking of
virtual source becomes particularly noticeable, when the
cident electron beam is misplaced from the center.

The sensitivity of the lateral beam profile to the incide
electron beam position~Fig. 8! is higher for shifts than it is
for tilts from central and normal incidence. Another intere

o
e

r-

FIG. 4. Absolute~top! and normalized~bottom, log–lin scale! off-axis spec-
tral dependence of the helical tomotherapy treatment beam. The inc
electron energy was 5.7 MeV and the radial spread was 1.4 mm~FWHM!.
Note very little off-axis spectral change~less than 5% with the averag
energy ranging from 1.43 MeV at the edge of the field to 1.49 MeV in
center!, which is very different compared to other radiotherapy systems.
reason for small dependence is the absence of the flattening filter.
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ing detail is that even for the normal incidence the late
profile is shifted, which appears from the tongue and gro
of the jaws~primary collimator!. It should be mentioned tha
based on this study, the jaws were redesigned, so tha
sensitivity to the mis-position was reduced. In additio
tongue and groove was removed from the width-defin
jaws, so that all commercial tomotherapy systems, excep
the investigated helical tomotherapy research prototype
not exhibit any asymmetry in the lateral fluence profile. T
sensitivity of the transverse beam profile is much sma
because of the larger field size in the transverse direction
can be neglected.

FIG. 5. The average photon beam spectra of helical tomotherapy for
operational modes: treatment mode and MVCT imaging mode. While in
treatment mode the incident electron energy is approximately 5.7 MeV
the MVCT imaging mode it is reduced to about 3.5 MeV, corresponding
the average energies of 1.5 MeV and 1.0 MeV, respectively.

FIG. 6. The transverse~in-slice! photon fluence profile of the helical tomo
therapy treatment beam. The characteristic conical shape of the profi
notable, which, on the contrary to the conventional treatment units~dashed!,
results in almost doubled photon fluence in the center of the beam.
Medical Physics, Vol. 31, No. 2, February 2004
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D. Leakage and scatter

A very common concern in all forms of IMRT is the leak
age radiation outside the radiation field. During delivery
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FIG. 7. Lateral ~across-slice! photon fluence profile of the helical tomo
therapy treatment beam for different slice thicknesses. While the
nounced conical shape in the transverse photon fluence profile is notice
the lateral photon fluence profile is nearly uniform.

FIG. 8. Sensitivity of the lateral dose profile to the incident electron be
position. The sensitivity study was done for 1 cm~top! and 6 mm~bottom!
slice thicknesses to increase the sensitivity. Note much stronger sensi
to the shift than the tilt from normal incidence.



n
a
i-

pr

he
on
lic
ld
u

ai

e
flu
ve
o

n in
at-

ther
get.
ron
ffect
ctra
Fig.

er-
ose
e
dy
5%
the
the

ns,

ich
eam
ter
get

p
m
ha

.

rent
sig-

401 Jeraj et al. : Radiation characteristics of helical tomotherapy 401
IMRT fields the small leakage radiation is summed up, a
this could lead into significant dose levels outside the tre
ment region.37 The radiation in and outside the field for var
ous slice thicknesses is shown in Fig. 9.

It can be seen that the leakage radiation is very low,
marily because of the increased shielding~up to 20 cm of
tungsten! of the collimators, so that the main source of t
radiation outside the field is the in-field scattered radiati
Since the scatter is smaller for narrower slices, a narrow s
delievery would be preferable; however, in practice it wou
result in approximately the same amount of scatter beca
of the multiple rotations needed to deliver a field of a cert
length.

E. Photon output fluence rate

Important difference between helical~and serial! tomo-
therapy systems and other systems is that the delivered b
is of a narrow fan shape. Provided that the linac output
ence rates are the same, one could expect longer deli
times in case of tomotherapy, proportional to the ratio

FIG. 9. Photon fluence~top! and dose profiles at 85 cm with 1.5 cm buildu
~bottom! indicating fields inside and outside the radiation field. Slight asy
metry in the profiles because of the tongue and groove of the jaws is c
acteristic only for the prototype and does not exist in commercial units
Medical Physics, Vol. 31, No. 2, February 2004
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standard and tomotherapy field sizes. Therefore, any gai
the output fluence rate is important in shortening the tre
ment time.

As seen earlier, beside the primary target, there are o
structures in the beam, which we call the extended tar
The most important structures are the aluminum elect
stopper and tungsten beam hardener. The study of the e
of each of these beam modifiers to the photon beam spe
and consequent dosimetric characteristics are shown in
10.

It is clearly seen from Fig. 10 that the presence of diff
ent beam modifiers only slightly affects percent depth d
distributions, while it significantly affects the output fluenc
rate. For 6 MeV incident electron energy, where the stu
was performed, the increase in the fluence rate is about 1
if there is no electron stopper present and almost 50% if
beam hardener is taken from the beam. The reason for
percent depth dose insensitivity is that dose distributio
especially at larger depths~past Dmax), are mostly deter-
mined by the high energy component of the spectrum, wh
remains rather unchanged in the presence of different b
modifiers. It should be mentioned that the hardening fil
also mitigates the unlikely hazard of a breach in the tar

-
r-

FIG. 10. Sensitivity study of the treatment beam characteristics on diffe
beam modifiers. While the changes in the output photon spectrum are
nificant ~top!, the dosimetric characteristics remain almost the same~bot-
tom!.
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housing by the electron beam~for more discussion see Se
III F !.

Another possibility for an increase of the output fluen
rate is to increase the incident electron energy. An increas
the output fluence with the incident electron energy is qu
strong, because of the strong dependence of the bremss
lung production on the energy. It can be shown that the d
rate output is proportional toD}E0

3 ln(2E0 /mec
2), whereE0

is the incident electron energy andmec
2 is the electron mass

energy. The integral dose rate gain with the increased ene
compared to the 5 MeV incident electron beam~Fig. 11! is
1.36, 1.84 and 2.38, for 5.5, 6 and 6.5 MeV, respective
which matches well the theoretical prediction of 1.37, 1.
and 2.39 for 5.5, 6 and 6.5 MeV, respectively.

FIG. 11. Sensitivity study of dose output on incident electron energy
realistic range of the helical tomotherapy energies is considered.

FIG. 12. Relative photon fluence as a function of the primary target th
ness compared to the full target photon fluence. Notice the first flue
increase for reduced thicknesses, because of the decreased attenuati
the later fluence decrease because of the lower electron-to-photon co
sion of the extended target compared to the primary target.
Medical Physics, Vol. 31, No. 2, February 2004
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F. Radiation safety

Not having the flattening filter in the radiation beam p
tentially raises safety concerns in the event that the prim
target were to deteriorate~or be absent in the extreme cas!
and the electron beam could directly hit a patient. In all oth
treatment units, the flattening filter plays the role of
‘‘emergency beam stopper,’’ if the target would be damag
A study of the target thickness on the output photon flue
was conducted and the results are shown in Fig. 12.

Initially when the target thickness decreases the pho
fluence increases. The main reason for the increase is
decreased attenuation of the photon beam. If the target th
ness decreases further, or if no target is present, the ph
fluence drops, however only to approximately 75% of t
full target output. This fluence drop is caused by the d
creased electron-to-photon conversion. It is interesting
note that the photon fluence does not drop to zero as
might expect. The reason for the relatively high photon fl
ence is the rest of the material in the beam, which should
seen as a part of an extended target. Since no dram
changes in the photon fluence are expected~as shown earlier,
a similar magnitude of the output change could be obtai

-
e
and
er-

FIG. 13. Absolute~top! and normalized~bottom! photon spectra for various
target thicknesses. Note the absolute photon fluence increase for half t
thickness and decrease for no primary target, with little relative chang
the spectra.
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from changing the initial electron energy by only appro
mately 5%!, the question arises as to whether one could
tect a potential problem with the target at all. For this reas
other radiation characteristics were examined. The pho
fluence spectrum and the transverse profiles are give
Figs. 13 and 14. It is interesting to note that while the sp
trum change is rather small~the average energy drops fo
only 3.5% and 10% for half and no target, respectively!, the
change in the transverse profile cone angle is much m
significant, since the ratio of the 20 cm off-axis to th
central-axis profile drops from approximately 50% to a
proximately 35%. The reason is the lower average ato
number of the extended target compared to the primary ta
and consequent smaller average electron scattering ang

IV. CONCLUSIONS

Since the helical tomotherapy unit is a dedicated IM
device with on-board MVCT imaging capability, its radiatio
beam characteristics are in several aspects different f
characteristics of other treatment units. In our study, simu
tions of the helical tomotherapy prototype installed at U
Hospitals in Madison, WI~Hi-ART I ! are presented, how
ever, its radiation characteristics are almost identical to co
mercial treatment units~Hi-ART II !.

Helical tomotherapy has two modes of operation: a tre
ment mode with approximately 6 MV beam and an MVC
imaging mode with approximately 3.5 MV beam. The ph
ton fluence spectra in the treatment mode were found to
comparable to other radiotherapy treatment systems. Bec
there is no flattening filter, the change of the off-axis sp
trum is very minor. There is less than 5% change in the m
energy across the fan beam~approximately 4035 cm open
field size!, which is significantly lower than in any othe
treatment unit. This characteristic is also very favorable
the treatment planning system, since no corrections
needed to account for beam hardening/softening. A lack
the flattening filter also causes the beam intensity to be

FIG. 14. Relative photon fluence profiles for various target thicknesses.
tice a more forward-peaked photon beam because of the decreased el
scattering on the extended target, because of the lower atomic number
pared to the primary target.
Medical Physics, Vol. 31, No. 2, February 2004
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proximately doubled in the center compared to the edge
an open field and has the characteristic conical shape.
cause of the increased collimator shielding, the leakage
diation was calculated to be below 0.05% and therefore,
in-field scatter dominates the radiation field outside the tre
ment area. Two possibilities for increasing the output fluen
rate were considered; one was the change in the exten
target configuration and second was the increase of the
dent electron energy. While the change in the extended ta
configuration can increase the output fluence, the increa
energy results in a significantly higher output fluence
crease. The radiation safety concern because of the ab
flattening filter in case of the damaged target was addres
by establishing only a moderate dose output decrease by
proximately 15% even for the cases where the primary ta
would be completely absent.

From the presented Monte Carlo studies it can be s
that helical tomotherapy is a system with some unique ra
tion characteristics, which have been to a large extent o
mized for intensity modulated delivery. Increased output fl
ence in the center of the field, low spectral variation acr
the field and extremely low leakage radiation distinguish
system from other conventional treatment systems.
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