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Abstract

A general dose calculation method for treatment planning with
high energy photon beams, based on folding of the total energy
released by primary photons per unit mass, the terma, with a
fractional mean energy imparted point spread function is de-
scribed. A set of point spread functions has been calculated with
Monte Carlo technigque for energies of primary photons between
100 keV and 20 MeV. Dose distributions have been calculated for
a 6 MV beam using the method. The results clearly point out the
considerably increased precision and flexibility achieved when
calculating photon beam dose distributions from first principles
using Monte Carlo generated point spread functions. The point
spread functions calculated in this work are available on magnet-
ic tape from the authors.

Key words: Dosimetry; treatment planning, high energy pho-
tons, point spread functions.

In radiation therapy, accurate dose planning is of funda-
mental importance. The increased availability of comput-
ed tomography and to some extent also magnetic reso-
nance imaging for dose plannings has during the last dec-
ade made it meaningful to develop accurate 3D dose
computation models. The models employed in most pres-
ent photon dose planning systems are based on the con-
cept of separating the absorbed dose into two compo-
nents, ‘primary’ and ‘scattered’ dose. This concept is
valid provided the lepton range (electron and positron
range) is less than the desired spatial resolution of the
computed dose distribution. However, the range of the
leptons released by high energy photons does often ex-
ceed the limits given by the demand of resolution for
radiotherapy. This, together with difficulties to satisfac-
tory account for arbitrary field shapes, body contours,
etc., by present models, increases the need of more gener-
al models.
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Recently a number of authors has proposed photon
dose planning models where both the leptons and scat-
tered photons can be accurately taken into account by
means of scattering kernels (1, 12, 13, 17, 21, 22, 25).
Many of these authors are also utilizing fast Fourier trans-
form techniques to increase computational speed (1, 12,
13, 21, 22). A convolution model for photons, based on
Gaussian kernels, has also been proposed (34, 35). Con-
ceptually, the authors above calculate the absorbed dose
distribution by integrating all energy components scat-
tered from the site of the primary photon interaction. A
related method using Monte Carlo generated photon pen-
cil beams for Co has also been described (31).

Assuming an infinite homogeneous medium, it is obvi-
ous that the pattern of energy spread around a point of
primary interaction is spatially invariant and once calcu-
lated it can be used at any point throughout the medium.
By disregarding phantom boundary effects, the same en-
ergy spread pattern can be applied to finite uniform phan-
toms of arbitrary shape. In this approximation the integra-
tion can, from a mathematical point of view, be described
as a convolution of the distribution of total energy re-
leased by primary photon interactions per unit mass, here
given the name terma (analogous to the kerma, the kinetic
energy released per unit mass), with a point spread func-
tion (PSF) describing the spatial spread of energy from
each interaction point.

A crucial step of the proposed method is to determine
the point spread functions of different photon beams.
Once accurately calculated, they can be used for studying
practically all photon beam properties, such as depth dose
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curves, lateral profiles, absence of electron equilibrium
near field edges, and so on.

This paper describes the calculation and some applica-
tions of absorbed dose point spread functions in water for
monoenergetic photon energies, between 100 keV and 20
MeV. The Monte Carlo method is employed in these
calculations, where the main interactions of primary and
scattered photons and concomitant leptons are fully ac-
counted for. The Monte Carlo method does not present
the mathematic difficulties and limitations that the analyt-
ic calculations do and the ease of handling boundaries
makes this technique particularly useful.

The presently applied Monte Carlo code follows the
transport of photons and leptons as an electromagnetic
cascade where the principal interactions of primary parti-
cles and successive generations of secondary particles are
accounted for. The cascade can be initiated by monoener-
getic photons or electrons, a given bremsstrahlung or
electron energy spectrum or a mixture of the two.

The program was originally developed for studying in
detail the physics of the penetration of electron beams in
water (2, 3, 6) and has been extensively applied to treat-
ment planning with electron beams (15, 20) and to the
calculation of physical quantities in electron and photon
beam dosimetry (5, 7, 8, 9, 10, 14).

The entity terma and the point spread function

When a photon beam is impinging on a homogeneous
medium the terma is a quantity of fundamental impor-
tance. The total energy released by primary photon interac-
tions per unit mass, or the terma, 7(r), at a point, r, can be
calculated from first principles by taking the divergence of
the vectorial energy fluence W(r) of primary photons (33):

T(r) =— —— div W(r) a)
o(r)

where o(r) is the density distribution of the medium.
By definition the vectorial energy fluence is obtained
from the fluence differential in energy and angle (cf. 18):

W(r)= f j QEdD, o(r)dEIQ = f f QW o(rdEIQ
()
After insertion in eq. (1) the total energy released by

primary photons per unit mass may be written

T(r)=—L”'n-gradtpEndEd9 3)
olr) :

since divQ by definition is equal to zero as @ is an
independent variable.

Since the energy fluence of primary photons from a
point source changes most rapidly in the direction of

motion  of the primary photons the scalar product in eq.
(3) is reduced to:
dv
T =—— | &£
o)} dl

)
where / is the path length in the direction of motion of the
primaries. The terma differental in energy, Tg(r) (the situ-

ation for a monoenergetic photon beam), is thus given by:

where u/p(E,r) is the mass attenuation coefficient of the
primary photons of energy E at a point r, and ®g(r) is the
primary photon fluence differential in energy at r. For a
spectrum of primary photons the terma becomes:

T(r) = f %(E, r)E®(r)dE (Sa)

To calculate the terma for dose planning purposes, the
fluence is given by

2 - 2Evena
D(r) = Dlry) (r—r") e f’°" )

where ®(r,) is the primary photon fluence at a point ryon

a reference surface in front of the patient and the expo-
nential function expresses the mean attenuation along the
direction of motion of the primaries 1 =r—r, to a point r in
the patient. The mass attenuation coefficient u/g (E,r) and
the gravimetric density (1) have to be estimated from CT
numbers, possibly by means of tables.

From the terma’ distribution function the resultant ab-
sorbed dose distribution can be obtained if the energy
transport of the secondary particles around each interac-
tion point is known. For this purpose the point spread
function h(r) is necessary to describe the energy transport
by all possible secondary particles, such as single
and multiple scattered photons, photoelectric electrons,
Compton electrons, electron-positron pairs and all genera-
tions of bremsstrahlung photons, Auger electrons, photo-
nuclear particles, and so on. The point spread function
h(r) is here defined as the quotient d&(r)/E by d*r, where
dé(r)/E is the fractional mean energy imparted in a small
volume d*r at r when a primary particle of energy E
(excluding rest energies) interacts at the origin, i.e.

) = 2E) ™
Ed’r

From energy conservation (rest mass energy changes are
here presumed to be negligible) follows that the normal-
ization of the point spread function is such that:

fff hr)dr=1 (7a)
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With this definition the dimension of the point spread
function is volume™!. A PSF calculated for a homogene-
ous medium of density g, &, can, in the first approxima-

tion, be rescaled and used for another homogeneous medi-
um with the same atomic number but of a different density
0.h,. Neglecting density effect difference on the cross-
sections (existing e.g. for the collision stopping power of
the electrons), the scaling law becomes:

-(2Vr (2 8
hy®) (90) h"“(oo r) ®
Eq. (8) can be generalized to account for inhomogeneous
media in an approximate way by introducing the relative
mean density along the line from the interaction site at the
origin to the deposition site at r by a spatially dependent
scaling factor

1

cwy=-L| oar)da ©)

Qo Jo

where a is a dimension less linear scale ranging from 0 to
1. Using eq. (9), the generalization of eq. (8) follows:

h(r)—'e%r—)cz(r) b (c()T) (10)
4]

which is exactly valid only for dose contributions from
particles scattered rectilinear from the origin, i.e. for the
first scatter kerma. The PSF at energy E and density
0o hy(E,r), can be calculated by using a Monte Carlo

code, forcing the primary photons to interact at the center
of a large water phantom.
Provided the terma differential in energy, Tg(r), and the

PSF h, (E,r) for a medium of density g, and energy E are

known and neglecting the obliquity of the central axis of
the point spread functions due to geometric divergence of
the primary photon field, the absorbed dose can be calcu-
lated from

D(r) = [[[f Tels) h, (E,r—s)d’s dE (11)

where r is the field point and s the source points of the
energy imparted to r. With use of eq. (8), eq. (11) can be
generalized for a homogeneous medium of arbitrary densi-

tyo

D(r)=[f[] Te(s) (-9—)3 h90<E, i(r—s)) &sdE  (12)
Qo Qo
which also is consistent with the theorem of O’ConNNoOR
(29, 30). The spatial integral in eq. (11, 12) is a 3D
convolution and therefore fast Fourier transform tech-
niques can be applied for computational efficiency (1, 12,
13, 21, 22).
For the most general case with a non-uniform medium
the absorbed dose distribution may be approximated by

D@ =[[§] Ts) ——Qés) ¢ (,8) ho (B, ofr,9) (r—9))d’s dE
0
(13)

where the inhomogeneity scaling factor is derived from
eq. (9):
1
c(r,s)= 1 o(r+a(s—r))da (14)
oJo

As hin eq. (13) is spatially variant, it is not possible in this
general case to use transform techniques to reduce the
computation time.

The Monte Carlo code

The Monte Carlo code uses a direct simulation of the
photon interactions by considering individual photoelec-
tric absorption, Compton scattering (at all events assum-
ing unpolarized photons) and pair production interactions.
Coherent scattering and photonuclear processes are not
considered. The electron transport is simulated by divid-
ing the electron tracks into many small segments within
which angular deflections and energy losses are small and
can be grouped and described by multiple collision mod-
els. Large deflections and energy losses are considered
individually by direct simulation at the end of each step.

The transport of photons is followed until their energy
falls below the Monte Carlo photon cut-off energy, where
the energy is locally deposited or the photon interacts
outside the phantom, in which case the energy is scored
separately for energy balance purposes. Normal values of
the photon cut-off energy are between 10 kev and 50 kev
for primary photon energies in the range 100 kev to 50
MeV. Energy, position and directional parameters of the
generated electrons and positrons are scored separately
and followed after the history of primary and scattered
photons has been completed.

The grouping of electron interactions mentioned above
corresponds to a Class IT scheme of mixed procedure (cf.
11). It has been modified by ANpreo & BRAHME (7) to
account for the influence of the parameters governing the
classification of interactions in a consistent way.

The classification in large and small events is done with
two cut-off parameters, 4 and 8, which limit the maxi-
mum energy loss and angular deflection that will be de-
scribed by a multiple collision theory: continuous slowing
down approximation (c.s.d.a.) and multiple scattering ap-
proximation for energy losses and angular deflections re-
spectively. Changes greater than 4 and d are considered
individually in a similar manner as for photon interac-
tions, i.e. by direct sampling from the cross section for
delta ray production (28) and nuclear scattering (23, 32)
respectively. Bremsstrahlung interactions are considered
by using the Kocn & Motz (19) cross section package.

The two parameters 4 and J require special attention as
theories accounting for restrictions in energy losses and
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angular deviations are needed. The well-known restricted
stopping power formula accounts for energy losses less
than a given cut-off 4. Energy straggling is already con-
sidered in mixed procedures by direct sampling of energy
losses between A and half the maximum energy of the
incident electron from the Méller cross section. Straggling
between 0 and A can be considered with the use of a
restricted straggling theory (cf. 7). Depending on the mag-
nitude of 4, the neglection of straggling in energy losses
less than 4 makes the simulation equivalent to the use of a
simple c.s.d.a. model. As discussed previously (cf. 4, 7)
this treatment of energy loss-straggling produces better
agreement to experimentally determined electron depth
dose distributions than that using the theory of LANDAU-
BLUNCK-LEISEGANG that predicts a smaller average energy
loss than the stopping power theory.

Multiple scattering theories restricted in the maximum
deviation angle are needed in order to describe scattering
through angles greater than & in a consistent way. An
expression for the restricted mean angle (i.e. a restricted
scattering power) has been given by ANDREO & BRAHME
(7). The use of two groups to classify angular deviations
produces a more accurate treatment of large scattering
angles. The large angle scattering events are not properly
accounted for with the use of a single Gaussian or a
multiple scattering theory such as that due to MoLIERE (26,
27).

The transport of leptons is followed until their kinetic
energy is lower than the electron cut-off energy, where
the energy is locally deposited and two annihilation pho-
tons are created in the case of positrons. The cut-off value
is governed by the dimensions of the voxel used to com-
pute 3D energy deposition distributions, the correspond-
ing c.s.d.a. range of an electron being less than half of the
smaller dimension of the voxel.

To calculate mean energy imparted point spread func-
tions, the first interaction of the primary photons, imping-
ing along the Z axis (Fig. 1), is forced to occur at the
origin of the phantom. The imparted energy is scored in
voxels of cylindrical geometry, i.e. in cylinders of radius
Ar/2 and thickness Az on the central axis, and in coaxial
rings of radial increment Ar and thickness Az where the
radius is greater than Ar/2. The origin is chosen to be at the
center of the '/;NZ+1 depth voxel on the central axis
where NZ is the number of scoring depths of the phan-
tom. The total scored energy in each voxel is divided by
the number of simulated primary photons and their energy
to yield the fractional mean energy imparted.

Results and Discussion

By using the present Monte Carlo code a set of 26 point
spread functions for water of unit density have been cal-
culated (Table). The number of incident photons in most
calculations is 500000 with an approximate CPU-time per
run of 80 h on a VAX 750.

Table

Calculated PSFs. The number of bins is 256 radial compartments
512 depth compartments

Number of Fraction of the
radial/depth primary primary photon

Primary Electron Size of
photon cut-off

energy energy bins photons energy which is
MeV MeV Ar cm/Az cm imparted to the
scoring geometry
0.1 0.002 0.100/0.100 500 000 0.897
0.2 0.005 0.100/0.100 500 000 0.847
0.3 0.005 0.100/0.100 500 000 0.837
0.4 0.01 0.100/0.100 500 000 0.835
0.4 0.05 0.002/0.002 500 000 0.322
0.5 0.01 0.100/0.100 500 000 0.834
0.6 0.01 0.100/0.100 500 000 0.833
0.7 0.01 0.100/0.100 500 000 0.834
0.8 0.05 0.100/0.100 500 000 0.834
1.0 0.05 0.100/0.100 500 000 0.834
1.0 0.05 0.002/0.002 250 000 0.448
1.25  0.05 0.100/0.100 1500000 0.833
1.25  0.05 0.002/0.002 500000 0.477
1.5 0.15 0.100/0.100 500 000 0.832
2.0 0.10 0.100/0.100 500 000 0.830
2.0 0.05 0.002/0.002 250 000 0.452
2.5 0.10 0.100/0.100 500 000 0.829
3.0 0.15 0.100/0.100 500 000 0.828
3.0 0.05 0.002/0.002 250 000 0.324
4.0 0.15 0.100/0.100 500 000 0.829
4.5 0.15 0.100/0.100 500 000 0.829
5.0 0.15 0.100/0.100 500 000 0.830
6.0 0.15 0.100/0.100 500 000 0.833
10.0 0.15 0.100/0.100 500 000 0.847
15.0 0.15 0.100/0.100 500 000 0.861
20.0 0.15 0.100/0.100 250 000 0.870

In Fig. 1 isolevels of the point spread function A(r) are
shown, in units of cm™3, for 0.4, 1.25 and 10.0 MeV
primary photons. The number of cascades simulated are
500000, 1500000 and 500000 respectively. These curves
very clearly illustrate the change of the scattering pattern
with increasing photon energy. We have found that there
is a great similarity in isodose patterns for adjacent ener-
gies when employing the normalization introduced in
equations 7 and 7a. This fact facilitates interpolation be-
tween point spread functions calculated at different ener-
gies.

The lowest levels located far away from the interaction
center are solely due to scattered photons and almost
isotropic at the lowest energy, whereas, with increasing
photon energy, they become more and more peaked for-
ward. This should be expected from the energy depend-
ence of the cross section for the Compton scattering. The
highest isodoses closest to the interaction center, on the
other hand, are primarily due to leptons (electrons and
positrons) set in motion by the primary photons in photo-
electric, Compton and pair producing interaction. The
size and shape of this lepton dominated area is determined
by the initial angular distribution of electrons and posi-
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Fig. 1. Isolevels of the point spread function h(r), i.e. the frac-
tional mean energy imparted per unit volume (cm™3), calculated
for monoenergetic photons of a) 0.4, b) 1.25 and c¢) 10.0 MeV
respectively. Calculations were made in a cylindrical geometry
with 500000, 1500000 and 500000 photons respectively, imping-
ing along the Z axis (left side of the figures) from above and
forced to interact at the origin. The separation of the curves is a

trons, their multiple scatter and finite range. For higher
energies the absorbed dose is in the first approximation
totally dominated by the electron transport. This is well
illustrated in Fig. 1 by the shaded areas enclosing 50 per
cent deposition of impinging energy. In Fig. 1¢ it is seen
that more than 50 per cent of the energy imparted is within
the range of the first lepton generation at 10 MeV.

The energy transport by electrons and positrons is
shown more clearly in Fig. 2, where the PSF due to
primary electrons and positrons only is extracted using the
Monte Carlo code. The strong forward peaking of the
lepton energy deposition is natural as no Compton elec-
trons are leaving the interaction center in the backward
hemisphere. However, due to multiple scattering, forward
moving electrons may be back-scattered and also a few
electrons and positrons produced by pair production may
be directed backward. This probably explains the few
long range backward directed tracks.

To better illustrate the relative importance of the differ-
ent dose components the radial energy impartation profile
at 45 degrees from the primary photon direction is shown

factor of 10 with maximum values equal to 385.9, 112.9 and 24.7
cm™ respectively. The dash-dotted line is the corresponding
distribution of the fractional first scatter terma, calculated using
the Klein-Nishina cross sections and neglecting other process
than the Compton interaction. The shaded areas cover the vol-
ume within which 50% of the incident energy is imparted.

in Fig. 3. It appears that the scattered photon dose contri-
bution is only a few per cent of the primary lepton dose at
distances less than the electron range. Just outside the
primary lepton range there is a small region dominated by
the kerma of single scattered photons, as shown by the
lower dashed line. Outside this region the first scatter
kerma is considerably less than the mean energy imparted
calculated by the Monte Carlo code, indicating the in-
creasing importance of multiple photon scattering at large
distances. A rather good analytic approximation to the
mean energy imparted at large distances is the first scatter
terma, calculated using the Klein-Nishina cross sections
and neglecting other processes than the Compton interac-
tion. However, at very large distances and particulary at
wide angles, the mean energy imparted is significantly
higher than the first scatter terma curves as seen from the
dash-dotted lines in Fig. 1. From an energy conservation
point of view it is clear that multiple scattered photons
and to some extent lepton generated bremsstrahlung pho-
tons dominate in regions where the mean energy imparted
is considerably larger than the first scatter terma.
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Fig. 2. Isolevels of the fractional mean energy imparted per unit
(cm™?) volume by primary leptons and their secondaries of all
generations released by monoenergetic primary photons of 10
MeV at the origin.
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Fig. 4. Depth dose curves for 6 MV photon beams of 3%X3 c¢m,
6x6 cm, 10x10 cm and 15x15 cm square fields in water phan-
toms of slab thickness 5 and 25 cm respectively. Experimental
data for a 10x10 cm field normalized to the maximum calculated
value (@). SSD=100 cm.

Central axis depth absorbed dose curves and lateral
absorbed dose distributions calculated using equation (11)
are shown in Figs 4 and 5. A6 MV photon spectrum from
a medical linear accelerator, published by MoHAN & CHul

R (cm)
Fig. 3
Fig. 3. Radial plot of the fractional mean energy imparted by
primary leptons (+), scattered photon leptons (—) and total ener-
gy imparted (solid histogram) at an angle of 45° from the direction
of the incident photons. The first scatter terma (—) and first
scatter kerma (—-—), analytically calculated using the Klein-
Nishina cross sections, are shown.
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Fig. 5. 6 MV profiles at 2 and 10 cm depth of 3%X3 cm, 6%6 cm,
10x 10 cm and 15%15 cm square fields with slab thickness of 25
cm. A point, isotropic source at SSD=100 cm is assumed. Ex-
perimental points (@) for the 6X6 cm and 1515 cm fields nor-
malized on the central axis at each depth.

(24) was used. The depth dose curves were calculated for
a large water phantom but also for a 5 cm thick water slab.
‘Infinite’ medium PSF were assumed in all cases. The
build-up and build-down of the absorbed dose due to the
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influence of the lepton transport and the increasing lateral
equilibrium of the photon transport with increasing phan-
tom and field size is clearly seen. The substantial influ-
ence of the change in the photon back scatter in phantoms
of different sizes is clearly seen by comparing the curves
for the 5 ¢cm slab with those for the large phantom, par-
ticularly at large field sizes.

It is also interesting to note that in pure photon beams
the depth of dose maximum is increasing with the field
size contrary to the situation in clinical beams where the
increasing electron contamination dominates. For com-
parison experimental data for a 6 MV photon beam (16)
are included in the figures.

In Fig. 5 the increased influence of accumulated photon
scatter at large depths and field sizes, both inside the
beam and outside the penumbra region, is in rather good
agreement with experimental data. The deviation outside
the field edge noticed in Fig. 6 may partly be explained by
the fact that ideal collimators and a point photon source
are assumed in the calculations. The depth dose curves
and lateral profiles generated by integration of PSF do not
show the statistic fluctuations present in the various PSFs
because integration is a filtering operation in itself. The
integration of approximately 200000 dose components
from primary interaction sites in a phantom, each comput-
ed using 500000 Monte Carlo histories, is almost equiv-
alent to a Monte Carlo run using 10' histories, needing
about 1300 years of VAX 750 CPU-time! This explains
the smoothness of all depth dose curves plotted in this
work. Such precise results can never be realized by ordi-
nary Monte Carlo calculations due to the large statistic
fluctuations in energy deposition by photons.
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