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The range-modulated pencil beam algorithm (RMPBA) has been developed for proton treatment planning on the basis of the
pencil beam algorithm (PBA) to reduce the calculation time yet realize sufficient accuracy. It uses the depth-dose distribution
of the range-modulated beam as a central-axis term of pencil beams. The spread of the range-modulated pencil beam is derived
by assuming that the protons pass through the average thickness of the ridge-filter. The accuracy of dose calculations by
the RMPBA is verified by comparison with dose measurements in water performed using a silicon semiconductor detector.
The results of the measured dose distributions agree well with those of the calculations using the RMPBA. Furthermore, the
calculation time required by the RMPBA is one-sixth of that required by the PBA in the case of the six-step ridge-filter.
Therefore, the dose-calculation method by the RMPBA will be useful and applicable to actual treatment planning of proton

therapy.
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1. Introduction

A proton dose-calculation method using the broad-beam al-
gorithm (BBA)'~® has been widely used for treatment plan-
ning because of its simplicity and short calculation time.
However, the calculation results often do not agree well with
the measurement results for a target with large lateral hetero-
geneities since it does not take into account the effect of ray
mixing by multiple scattering effects of protons* in materials.

To improve accuracy, dose-calculation methods based on
the pencil beam algorithm (PBA) have been developed.'=5:9
In the previous paper? we reported the results of experimen-
tal evaluation of the PBA. Calculated results by the PBA
agreed well with the measured dose distributions formed by
the unmodulated proton beam traversing an L-shaped phan-
tom within the rms error of 2.3% and the calculation time
required by the PBA was relatively short. It is suggested that
the dose-calculation method by the PBA will be useful and
applicable to actual treatment planning of proton therapy.

In actual proton therapy, most patients are treated by range-
modulated proton beams using a range modulator such as a
ridge-filter or a rotating wheel.”® For such beams, Hong
et al. reported that the depth-dose distribution by the PBA
agreed well with the experimental result.") Petti also evalu-
ated the usefulness of the PBA by the comparison between
the results of the PBA and Monte Carlo calculation and ver-
ified that the dose calculations by the PBA gave reasonably
accurate results.” On the other hand, for range-modulated
proton beams, we usually have to calculate the dose contri-
butions of pencil beams traversing the individual elements of
the ridge-filter and sum them up to obtain the dose distribu-
tion. Since the number of elements of the ridge-filter typically
amounts to about ten to twenty, the required calculation time
is relatively large.

In this paper, we propose a range-modulated pencil beam
algorithm (RMPBA) which improves the dose-calculation
time yet is sufficiently accurate. The usefulness of dose calcu-
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lation by the RMPBA for a range-modulated proton beam is
verified by comparison between the results of measurements
and calculations by the PBA.

2. Dose Calculation Algorithm

2.1 Pencil beam algorithm

Hong et al. have already developed a method of dose cal-
culation based on the PBA." Hong’s PBA considered the ef-
fective source with Gaussian spatial distribution and uniform
angular distribution at the effective source point and applied
the depth-dose distribution of the “open beam” to the central-
axis term. Here, since they define the open beam as a proton
beam free of any beam-modifying devices other than those
which are always in the beam, the open beam excludes a fine
degrader. We modified Hong’s method as follows:? (1) We
considered the effective source as that with a Gaussian inten-
sity profile and a Gaussian angular distribution. (2) We used
the depth-dose distribution of the unmodulated broad beam
passing through a fine degrader and always required devices,
the scatterer and the monitoring devices, in the beam line as
the central-axis term of pencil beams. This means that we
can omit calculation of the behavior of proton beams in a fine
degrader.

In our PBA, the beam can be assumed to be emitted from
an effective source point which is characterized by an upright
phase space ellipse. The phase space parameters can be cal-
culated by integrating the scattering in slabs as follows:? The
square of proton beam size at depth, z, after passing through
slabs is given by

2
011(z) = o11,0 + 201202 + 022,02

z zdg-z
+ | (z—s5)"—ds,
0 ds

= 14.1 [z 1 b4

Equation (2) is termed the Highland Formula,*% where o/},

(1)

5187



5188  Jpn.J. Appl. Phys. Vol. 40 (2001) Pt. 1, No. 8

o2 and oy, are components of the o-matrix expressing the

phase space parameters at a longitudinal position z, \/9—2 the
rms of the distribution of the projection angle in a plane ex-
tended by the beam axis and the horizontal axis, p the proton
momentum in units of MeV/c and Bc the velocity of a proton.
L, is the radiation length of the material in units of g/cm?.
pBc is calculated in advance as a function of the proton range.
The components of o-matrix with an additional index O are
those at an initial point of calculation. By this method, we
can determine accurately and simply the behavior of a proton
beam in materials.

F(x. ¥,z (x0, ¥0)) = ¢ (x0, yo)w(i)DPD(z + z,({))

X exp (—

where @ (xg, yo) is the measured intensity profile of the un-
modulated broad beam at the entrance position of the tar-
get, w(i) the beam weight in an i-th ridge-filter element,
D D(z + 0) the depth-dose distribution of the broad beam in
the case that the ridge-filter is removed and z, (/) is the range
loss in an i -th ridge-filter element. Here, we convert o;(z) in
eq. (1) to 6 (z + z,(i))%.

2.2 Range-modulated pencil beam algorithm

We developed the RMPBA on the basis of the PBA to re-
duce the calculation time yet realize sufficient accuracy. Fig-
ure 1 depicts simply the difference of dose calculation meth-
ods between the PBA (a) and the RMPBA (b). As Fig. 1(a) in-
dicates, in the PBA, we have to calculate dose contributions of
pencil beams traversing the individual elements of the ridge-
filter in a stepwise manner and sum them up to obtain the dose
distribution by the range-modulated beam. In other words,
we have to calculate proton energy losses, beam weights and
phase space parameters for each ridge-filter element. This is
a relatively time-consuming task. As an improvement, the

(a)
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(b)
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Fig. 1. The difference of the concepts for dose calculation method between
the conventional PBA (a) and the RMPBA (b).
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In this paper, furthermore, we calculate dose distributions
for a range-modulated beam. A range-modulated beam for
which the width of the Bragg-peak dose region is spread
out can be accomplished in a bar ridge-filter in a stepwise
manner.”® It is made of aluminum and has ridge-filter ele-
ments in a stepwise manner, which changes beam weights and
beam energies, so that the resulting Bragg peaks are stacked
throughout the depth of the target volume.

The dose F(x. y, z; (xq, y0)) by a single pencil beam with
entrance position, (xp, yg), is given by

1

2o (z + z,(0))?
3)

20(z + z,(i))? )

RMPBA has been developed. In the case of Fig. 1, although
a range-modulated broad beam is formed by pencil beams
passing through three elements of the ridge-filter, as shown
in Fig. 1(b), we assumed that it was formed by a set of each
range-modulated pencil beam traversing the “assumed ridge-
filter” with the average thickness of the ridge-filter as well as
the fundamental concept of the pencil beam algorithm. That
is to say, the RMPBA substitutes the single range-modulated
pencil beam drawn in Fig. 1(b) for three unmodulated pencil
beams traversing the individual ridge-filter elements in Fig.
1(a) so that the RMPBA can accomplish the reduction of dose
calculation time.

The dose F(x, y, z; (xp, yo)) generated by a single range-
modulated pencil beam is given by

Fx.y. % (%0, 50)) = ¢ (x0. Yo)RMDD(2) 5 ———5
7o (z)

(xo — x)* + (yo — »)*

) eXp( 20 (z)? ) - @
where RMDD(z) is obtained by fitting the measured depth-
dose distribution of the range-modulated broad beam with
a number of concatenated polynomial functions. Since
RMDD(z) necessarily includes range-straggling effects and
nuclear interactions in instruments of a beam line, the depth-
dose distribution by the RMPBA should reproduce the ex-
perimental result more accurately than that by the PBA. Us-
ing eq. (1), we derived the spread of the range-modulated
pencil beam, o(z) in eq. (4). by assuming that the protons
passed through the assumed ridge-filter. In this way, a range-
modulated pencil beam can be treated as a whole, which
serves to simplify the calculation.

3. Experimental Arrangement

Measurements were carried out using the horizontal beam
line at the Proton Medical Research Center (PMRC), Uni-
versity of Tsukuba. Approximately monoenergetic 250 MeV
protons are supplied from the KEK S00MeV booster syn-
chrotron through a carbon energy-degrader and a momentum-
analyzing system of the medical beam line.!? Since the beam
energy is degraded heavily in the carbon degrader, the energy
straggling becomes large and momentum spread of trans-
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Fig. 2. Experimental arrangement for measurements of dose distributions
in water (plan view).

ported beam is as large as 1.3%, which results in the large
distal fall-off (80-20% distal fall-off = 13 mm) of the ob-
tained Bragg curves.

The experimental arrangement is sketched in Fig. 2 (plan
view). The incident protons were scattered by a 3-mm-thick
lead plate (referred to as “the first scatterer”) to obtain a later-
ally uniform spatial distribution at the measurement position.
A binary range shifter [“fine degrader” (FD)] and a ridge-filter
(RF) were placed between the first scatterer and the patient
couch on which we mounted the measurement devices of dose
distribution.

We prepared a bolus with an L-shaped horizontal cross sec-
tion made of Mix-DP, which is a tissue-equivalent material for
X-rays. The thinner part, x < 0, of the bolus measured 10 mm
and the thicker part, x > 0, measured 50 mm. There was no
structure in the y-direction and the height was 100 mm. It had
an abrupt change of thickness in the lateral direction. This
bolus shape was selected to obtain a target with large hetero-
geneity in the lateral direction. The origin of the y-coordinate
was defined at the middle of the bolus. A silicon semiconduc-
tor detector (SSD) was set at y = O in this experiment.

4, Measurements of Dose Distributions

For modulated proton beams, the depth (z)-dose distribu-
tions were measured by moving the SSD in the z-direction at
x = —40mm in water and the lateral (x)-dose distributions
were measured in the region of interest at intervals of 5 mm in
water as follows: (1) We inserted a fine degrader of 120 mm
and a ridge-filter of 40 mm “spread-out Bragg peak (SOBP)”
width, (FD, RF) = (120, 40), in the beam line. The aver-
age energy of the beam traversing them was 178 MeV. (2)
We inserted (FD, RF) = (240, 40). The average energy was
103 MeV. The reason why we selected two kinds of energies
is that we could verify the estimation of the beam spread by
the RMPBA for both high and low energy proton beams. In
particular, since a low energy proton beam has a large angular
spread, the calculated beam spread using the average proton
energy by the RMPBA may have a larger error.

5. Results and Discussion

The measured dose distributions are compared with calcu-
lated ones based on the RMPBA and the PBA. In the cal-
culation by the RMPBA, the angular spread of the range-
modulated pencil beam parameter, /0220, was determined
by measuring the beam profile of protons passing through the
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first scatterer, fine degrader (FD = 120 or 240 mm) and a
ridge-filter (RF = 40 mm) in the beam line and a block col-
limator with a small circular hole, at five different positions
downstream of the collimator and by fitting the profile data
with the second polynomial equation. The obtained values
for (FD, RF) = (120, 40) and (240, 40) are 0.0099 + 0.0016
(1s.d.) and 0.012 £ 0.003 rad, respectively, under the as-
sumption that o} p and o2, are 0. Since the effective source
point is far from the measurement position and the region of
interest is around the origin, we assumed that the beam was
a parallel beam. Parallel pencil beams were generated with a
lateral pitch of 0.5 mm at the entrance surface of the bolus z =
—200 mm. The lateral pitch was selected so that a finer pitch
did not produce any difference in the calculation results. We
took a relative dose of 100% at (x, z) = (—40, 175), which is
the center of the SOBP. in the case of (FD, RF) = (120, 40)
and that at (—40, 55) in the case of (FD, RF) = (240, 40).

On the other hand, in the PBA, the beam angular param-
eters in FD = 120 and 240 at the entrance surface of the
ridge-filter were 0.009 and 0.011 rad. The only beam angular
parameters of pencil beams traversing the individual elements
of the ridge-filter are calculated from the entrance surface of
the ridge-filter to z = —200 mm and we regard the obtained
values as the /6250 parameters for each ridge-filter element
at z = —200 mm. Using these parameters, the PBA as well as
the RMPBA values were calculated. In order to clarify the dif-
ferent contributions of the off-axis term to the dose between
the PBA and the RMPBA, we took the central-axis term of
the PBA to be the same as that of the RMPBA as follows:

Y w(dDD(z + (i) RMDD(2).

Figures 3 and 4 show the measured depth (z)-dose distribu-
tions at x = —40 mm in (FD, RF) = (120, 40) and (240, 40)
along with the calculations. Depth-dose distributions by the
RMPBA agree well with the measured ones within the accept-
able range of measurement error, about 1.5%, of the measured
dose due to beam fluctuation.

Figures 5 and 6 depict lateral spread of proton beams at
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Fig. 3. Comparison between the depth-dose distribution by the measure-
ment with the SSD (fine solid line) and that by calculation based on
the RMPBA (bold solid line) at x = —40mm in water for the case of
(FD, RF) = (120, 40).
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Fig. 4. Comparison between the depth-dose distribution by the measure-
ments with the SSD (fine solid line) and that by calculation based on
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(FD, RF) = (240, 40).
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Fig. 5. Comparison between the lateral spread of proton beams at x < 0
and x > 0 by the RMPBA and that by the PBA in water for the case of
(FD, RF) = (120, 40).

x < 0and x > 0 by the RMPBA and the PBA for the two
cases of (FD, RF) = (120, 40) and (240, 40), respectively. In
the PBA, the lateral spread, o(z), of proton beams was de-
rived in the following way: Contributions of individual pen-
cil beams passing through parts of various thicknesses in the
ridge-filter were calculated and summed up to obtain a lateral
dose distribution in the specified depth. Then the distribu-
tion was fitted by a Gaussian function to obtain the lateral
spread, o (z). The coincidence between the results of both the
RMPBA and the PBA is perfect in the shallower region before
the proximal end of the SOBP since all protons penetrating
through regions of various thicknesses of the ridge-filter con-
tribute to the dose distribution. On the other hand, some dif-
ferences can be noticed in the deeper region behind the proxi-
mal end of the SOBP since a portion of protons traversing the
thicker part of a ridge-filter stops before the depth of inter-
est. Therefore the RMPBA generally overestimates the lateral
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Fig. 6. Comparison between the lateral spread of proton beams at x < 0
and x > 0 by the RMPBA and that by the PBA in water for the case of
(FD, RF) = (240, 40).

spread in the deeper region of the SOBP curve. In addition,
the lateral spread of the beam consists of two components:
one is due to the angular spread of the incident beam and the
other is due to the scattering in the phantom and water. Since
the latter component overrides the former in a deeper region,
the differences of the lateral spread between the PBA and the
RMPBA are relatively small for both the cases in Fig. 5 and
the x < 0 case in Fig. 6. On the other hand, since the for-
mer component contributes more to the lateral spread for the
x > 0 case in Fig. 6, a larger difference of the lateral spread is
noticed. However, the difference is small compared with the
lateral spread itself.

Figures 7(a)-7(c) and 8(a)-8(c) are, respectively, measured
lateral (x)-dose distributions at z = 160, 180, 200 mm in the
case of (FD, RF) = (120, 40) and at z = 35, 55, 75mm in
the case of (FD, RF) = (240, 40) together with the calcula-
tions. We found that, in all cases, the dose distributions by the
RMPBA coincide well with those by the PBA. This means
that both differences in Figs. 5 and 6 do not affect dose distri-
butions much. Here, we studied the effect of measurement er-
ror of angular spread, /G229, on the lateral distributions. For
that purpose, we evaluated the contribution of o2, o measure-
ment error to lateral o (z) calculations. We found that maxi-
mum change of lateral penumbra (80-20%) by /02,0 mea-
surement errors in the RMPBA was less than about 0.8 mm.

Figures 9(a)-9(c), 10(a)-10(c) show iso-dose distributions
obtained by the measurements, calculations by the RMPBA as
well as those by the PBA in the cases of (FD, RF) = (120, 40)
and (240, 40), respectively. The iso-dose curves are drawn
for every 10% increase of the relative dose. Figures 8(a) and
9(a) are obtained by interpolating the experimental lateral-
dose distributions taken in 5 mm steps in the depth direction.
The white region shows that with a dose of more than 90%
of the maximum and the black region that with a dose of less
than 10% of the maximum. These figures show that the iso-
dose distributions by the RMPBA and the PBA agree well
with the experimental results.

The calculation time required by the RMPBA is much
shorter than that by the PBA. The reduction factor depends
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Fig. 7. Comparison among the lateral-dose distributions by the measure-
ments with the SSD (fine solid line), those by calculations based on the
RMPBA (bold solid line) and those by calculations based on the PBA (dot-
ted line) at z = 160 (a), 180 (b) and 200 mm (c) in water for the case of
(FD. RF) = (120, 40).

on the number of steps of the ridge-filter. Since the number
of the ridge-filter steps is six in the present case, the reduction
factor was one-sixth. As the number of the ridge-filter steps
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Comparison among the lateral-dose distributions by the measure-

ments with the SSD (fine solid line), those by calculations based on the
RMPBA (bold solid line) and those by calculations based on the PBA
(dotted line) at z = 35 (a), 55 (b) and 75 mm (C) in water for the case

of (FD, RF) = (240, 40).

amounts to about ten to twenty for a good quality beam, one
order of reduction can be expected in typical cases.
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6. Conclusions

Dose calculations by the RMPBA, in which measured
depth-dose curve of modulated beam, RMDD(z), and mea-
sured angular spread, o730, of the incident beam are used.
agree well with the measurement results. Furthermore, we
can achieve a significant reduction of calculation time, one
order of magnitude, in typical cases. It is feasible to use the
RMPBA for the dose calculation for proton treatment plan-
ning for most targets.
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