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Abstract: Hybrid pencil beam model (HPBM) based on
photon characteristic line algorithm has been presented
to get accurate three-dimensional (3D) dose distribution
for lung radiotherapy in small fields. In the model, we
introduced a scattering factor to accurately describe the
transport behavior of scattered photons and secondary
electrons, combined with the equivalent depth correction
and the weighted density correction. The pencil beam
kernels of heterogeneous lung phantoms were redefined
by the scattering factor and depth dose for a reference field
by photon characteristic line algorithm. Subsequently, the
3D dose distribution in lung phantoms with density of 0.1,
0.26, and 0.4 g/cm3, was calculated by the Finite-size
pencil beam algorithm in five regular fields and an irre-
gular field for 6 MV photon beam. The dose distributions
obtained by theHPBM are in agreement with those obtained
by the MC simulations, with a relative error of less than 3%
in most of the cases. However, there are apparent discre-
pancies at media interfaces and lung anterior portion.
Moreover, at media interfaces, relative dose errors of the
two methods decrease with the increase in field size and
lung density. The depth range in which relative errors is

greater than 3% increases with the increase in field size at
lung anterior portion. In these examples, maximum relative
errors are between 5 and 29%. Nevertheless, it is shown that
the HPBM based on photon characteristic line algorithmhas
potential research values in lung dose calculation under
conditions of small fields.

Keywords: hybrid pencil beam model based on photon
characteristic line algorithm, Monte Carlo simulation,
small fields, lung phantom

1 Introduction

With the development of various radiotherapy technolo-
gies, such as intensity modulated radiation therapy, and
stereotactic radiation therapy, the accuracy of treatment
planning system (TPS) could achieve submillimeter level.
In these techniques, multi-leaf collimators are used to
form small and irregular fields to ensure maximum con-
sistency between the high dose deposition region and the
tumor spatial anatomical shape [1–4]. Thus, the tumor
control probability can be improved and the normal
tissue complication probability can be reduced. Interna-
tional Commission Radiological Units Report No. 24 pro-
poses that the dose algorithm error in clinical TPS should
be kept within 3% [5]. However, many studies indicate
that the phenomenon of charged particle nonequilibrium
becomes more pronounced with the decrease in field size,
density of heterogeneous tissue, and increase in the inci-
dent photon energy for small fields (the field size is
smaller than the maximum range of secondary electron
transport). Especially in radiotherapy of lung tumor, lung
density changes are more likely to cause lack of charged
particle equilibrium (CPE) [6–9]. In fact, the existence of
multi-factor makes the lung dose calculations more intri-
cate and inaccurate. American Association of Physicists
in Medicine No. 24 proposes that low-energy beams are
preferred in irradiating lung tumors, because higher
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energy beams would need larger field margins to achieve
target dose homogeneity. For 6 MV photon beam widely
used in TPS, the radiation field with a size less than 3 cm ×
3 cm is considered as small field [10]. The accurate radio-
therapy algorithm for lung radiotherapy in small fields is
one of the research hotspots.

At present, many dose algorithms are used for lung
dose calculation in small fields in clinic, such as pencil
beam convolution (PBC), Acuros XB, and anisotropic
analytical algorithms [11,12]. As the most accurate dose
algorithm, MC method, which is based on the probability
and statistics theory, simulates the random process of
particles transport. However, it failed to be used in TPS
because of its time-consuming computation [13,14]. In
recent years, the pencil beam is increasingly used to accu-
rately describe the influence of heterogeneous tissue on
dose distribution. And those influence can be described
by correcting pencil beam kernel of homogeneous media,
which can be directly expressed by simulating pencil
beam data.

In this work, Hybrid pencil beam model (HPBM) is
presented to get accurate three-dimensional (3D) dose
distribution for lung radiotherapy in small fields. In the
algorithm, the fluence distributions of energetic photons
and secondary electrons are described by photon charac-
teristic line algorithm under the condition of infinitely
broad beam, and the accurate dose distribution of central
axis can be obtained. The 3D pencil beam kernel of pure
water phantom, as pre-stored data, is calculated by MC
method. The pencil beam kernel of the lung phantom is
obtained by the heterogeneous correction on the basis of
the pencil beam kernel of water phantom. And then,
using the accurate depth dose distribution of the lung
phantom obtained by the photon characteristic line algo-
rithm in a broad beam, we redefine lung phantom pencil
beam kernel and use it for calculating the 3D dose distri-
bution in lung phantom for any radiation fields by Finite-
size pencil beam (FSPB) algorithm. Finally, the calculated
results are compared with MC simulation data to verify the
HPBM algorithm precision.

2 Methods

2.1 Monte Carlo simulations

In this study, the dose distribution in lung phantoms
with different density was simulated by the MC software
EGSnrc/Dosxyznrc, in various radiation fields for 6 MV
photon beam. The global electron and photon cutoff

energies were 0.521 and 0.01 MeV, respectively [15,16].
The electron-step and boundary crossing algorithms
were PRESTA-Ⅱ and EXACT, respectively. The parallel
rectangular beam was used as the photon source type.
The energy spectrum data file was mohan6.spectrum.
The statistical error was controlled within 1% in the
whole simulation process.

We simulated a pure water phantom and a water–
lung–water phantom of the same size, with the origin
of coordinate at the surface center. The lung phantom
dimension was 40 × 40 × (d1 + d2 + d3) cm3. d1, d2 and
d3 were, respectively, 10, 10, and 20 cm, representing the
thickness of the chest wall of the anterior lung tissue, the
thickness of lung tissue, and the thickness of the chest
wall of the posterior lung tissue. The chest wall can be
considered as resembling water tissue. Elemental composi-
tion and proportion of water and lung tissue were derived
from the Dosxyznrc material library file (521cru.pegs4dat).
The voxel size was 0.25 cm × 0.25 cm × 0.25 cm and the
pencil beam size was 0.25 cm × 0.25 cm. Here three lung
densities of 0.1, 0.26, and 0.4 g/cm3 were considered,
respectively.

2.2 HPBM

The interaction between photons and body tissues takes
place via three main ways, namely, photoelectric effect,
Compton scattering, and electron pair effect. The total
micro cross section of these interactions was expressed as

σ σ σ σ ,tot pe comp pair= + + (1)

where σpe, σcomp, and σpair are micro cross sections of
photoelectric effect, Compton scattering, and electron
pair effect, respectively. When the infinitely broad beam
with energy of E0 is vertically incident upon the surface
of the medium, the photon transport in homogeneous
medium generally started with the Boltzmann equation
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where z E μ, ,( )∅ is the photon differential fluence distri-
bution, z E μ E μ, , d d( )∅ is the photon fluence at depth of z
with energies between E and E + dE, and directions
between μ and μ + dμ. K z E E Ω Ω E Ω, , d d( )′ → ′ → ′ ′ is
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the probability of a photon with energy E′ and direction Ω′
passing through a medium with a unit mass thickness at
depth z. S(z, E, μ) is the source term. z E,( )∑ is the linear
attenuation coefficient of photons with energy E at
depth z, and then we can write

z E n σ z E, , ,z tot( ) ( )( )∑ = ⋅ (3)

where

n N
A

ρ ,z
z

z
A

( )
( )

( )= ⋅ (4)

where NA is the Avogadro constant. A(z) is the atomic
mass of the medium at depth z. ρ(z) is the density of the
medium at depth z.

In the photon characteristic line algorithm [17,18],
the photon fluence was given by

z E μ z E μ z E μ z E μ, , , , , , , , ,m0 1( ) ( ) ( ) ( )∅ = ∅ + ∅ + ∅ (5)

where z E μ z E μ z E μ, , , , , , , ,m0 1( ) ( ) ( )∅ ∅ ∅ are uncollided
photon beam, single scattered photon beam, and multiple
scattered photon beam, respectively. The transport equa-
tion of uncollided photon beam was expressed as [17,18]
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The transport equation of single scattered photon
beam was expressed as [17,18]
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The transport equation of multiple scattered photon
beam was expressed as [17,18]
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In Eqs. (7) and (8), λ is expressed as
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z E μ z E μ, , , , ,0 1( ) ( )∅ ∅ have explicit analytic solutions,
and z E μ, ,m( )∅ can only get the numerical solution by
numerical methods. The direction cosine μ can be discre-
tized according to the direction of characteristic lines
while calculating the numerical solutions of z E μ, ,m( )∅ .
Then, the solution of Eq. (7) is [17,18]
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The solution of Eq. (9) is [17,18]
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where d is the thickness of the medium. After obtaining
the photon flux distribution, we defined the fluence dis-
tribution of the secondary electron source and the sec-
ondary positron source by
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where dz is the length of the calculation unit in depth
direction. The electron transport equation is given by
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where N z E μ, ,( ) is the differential fluence of the electron.
ze( )∑ is the number of interactions between electrons and

matter along a unit path at depth z. σe is the total cross
section of electrons, including bremsstrahlung, elastic
interaction, and inelastic interaction. The differential
fluence distribution of electron can be obtained by the
characteristic line algorithm. According to the differential

1144  Fengjie Cui et al.



fluence distribution, the depth dose distribution of the
infinitely broad beam with energy E0 is expressed as
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where ΔE is an energy parameter related to the size of the
calculated voxel, indicating that energy can be deposited
in the calculated voxel only when the energy transfer of

the interaction is less than ΔE. σ z E T T T, , d
E

e0

Δ
( )∫ is the

electronic stopping power with energy E. In the same
way, the depth dose distribution of positrons can be cal-
culated. Therefore, the depth dose distribution of the
broad photon beam in the phantom is expressed as

D E D E D E,z ,z ,z .e p0 0 0( ) ( ) ( )= + (16)

As field size is small, CPE is lost resulting in vast
quantities of lateral scattering, and electrons deposit
energy outside the radiation field, which causes decreased
radiation dose in the region of interest (ROI) and increased
dose outside the ROI. The phenomenon is even more pro-
nounced when photon beamlets are incident into lung
tissue [6]. The dose distribution of secondary electrons
in homogeneous tissue can be simulated by MC method,
and it can be used as PBC kernel if the dose distribution is
spatially invariant. The pencil beam kernel can be reused
as long as radiation conditions, such as incident energy,
incident direction, and voxel size, remain unchanged. In
fact, the space-invariance of pencil beam kernel is affected
by many variables including the heterogeneity of tissue
and the irregularity of organ contour, but for bulky lung
tissue, pencil beam kernel can be regarded as spatially
invariant [19,20]. Thus, the study introduces a scattering
factor to construct transport models of scattered photons
and secondary electrons in heterogeneous media. The
lung tissues in small radiation fields can be treated
with laminar approximate. So, the 3D dose distribution
of photon pencil beam with incident energy E in laminar
lung media can be written as

D E x y z D E z f E x y z, , , , 0, 0, , , , ,p p( ) ( ) ( )= ⋅ (17)

where Dp(E, x, y, z) is the dose at point (x, y, z) when the
infinitely narrow photon pencil beam is incident at point
(0, 0, 0) along the +z axis. Dp(E, 0, 0, z) is the central axis
depth dose distribution. f(E, x, y, z) is the scattering
factor. The 3D dose distribution is obtained by the MC
method when pencil beam irradiated the pure water
phantom. Then, Eq. (17) became

f E x y z D E x y z D E z, , , , , , , 0, 0, ,p p( ) ( ) ( )= / (18)

where Dp(E, x, y, z) is the MC pencil beam kernel and
is normalized to the maximum value for convenient
calculation.

For the HPBM [21–23], the heterogeneous correction
of lung phantom scattering factor was mainly divided
into two steps. Step one was equivalent depth correction
of lung phantom scattering factor in depth direction,
namely, the lung phantom scattering factor was used to
approximately represent the scattering factor at equiva-
lent depth in water. It is described as
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where ρ(h) is the lung phantom density at depth h and ρw
is the water density. zeff is the equivalent depth corre-
sponding to lung phantom depth (z). Step two was weighted
density correction of lung phantom scattering factor in off-
axis direction on the basis of equivalent depth correction. It
is described as
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where α is the scattering weight coefficient and β is the
density correction coefficient. As ρ(z) is 1 g/cm3, β is 1 and
as ρ(z) is 0 g/cm3, β is α. Moreover, the median density
scattering weight coefficient was obtained by linear inter-
polation. xeff is the equivalent off-axis distance corre-
sponding to lung phantom off-axis distance (x) after
weighted density correction. After heterogeneous correc-
tion of scattering factor, the lung phantom dose kernel is
expressed as

D E x y z D E z f E x y z, , , , 0, 0, , , , .p p( ) ( ) ( )′ = ⋅ ″ (21)

In FSPB algorithm, the depth dose for infinitely broad
photon beam was calculated by convolution superposi-
tion for the dose contribution of each photon pencil
beam. The sum is given by

D E z x y D E x y z, 0, 0, d d , , , .p( ) ( )∫ ∫= ⋅

−∞

∞

−∞

∞

(22)

In fact, it is not necessary to integrate with respect to
x or y over an infinite range and we can use a broad beam
field, namely, reference radiation field. On the one hand,
the lung phantom depth dose distribution at depth z was
obtained by photon characteristic line algorithm in a
reference radiation field and described as Dref(E, 0, 0, z).
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On the other hand, the depth dose distribution in the
reference radiation field was generated by a finite number
of dose kernel obtained. According to Eq. (22) we have

D E z x y D E x y z, 0, 0, d d , , , ,
a

a

b

b

pref( ) ( )∫ ∫
′ = ⋅ ′

− −

(23)

where a and b are the finite integrating ranges, and their
size is related to the scattering degrees of photons and
secondary electrons. Here both a and b were 10 cm. The
depth distribution for pencil beam in lung phantom is
redefined as

D E z
D E z D E z D E z
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, 0, 0, , 0, 0, , 0, 0, ,
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and we rewrote Eq. (17) for the corrected pencil beam
kernel in the form

D E x y z D E z f E x y z, , , , 0, 0, , , , ,p p( ) ( ) ( )″ = ″ ⋅ ″ (25)

where D E z, 0, 0,p( )″ is also described as the precise pencil
beam kernel in laminar lung media. Since we used par-
allel beam, the cone beam correction coefficient was not

considered. And then, with the FSPB algorithm, the dose
distribution in body tissues for any radiation field can be
calculated as

D E x y z x y I x y D E x x y

y z

, , , d d , , ,

, ,

p( ) ( ) (

)

∫∫= ′ ′ ′ ′ ⋅ ″ − ′

− ′
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where I(x′, y′) is the incident beam energy fluence at point (x,
y, 0), representing the field shape. D E x x y y z, , ,p( )″ − ′ − ′ is
the dose contribution of the incident beam at point (x, y, z) to
the calculated point (x′, y′, z). Formula (26) was discretized
as

D E i j k I i j D E i i j j k, , , , , , , ,
i j

p( ) ( ) ( )∑∑= ′ ′ ⋅ ″ − ′ − ′

′ ′

(27)

where I(i′, j′) is the described intensity matrix with the
radiation field shape. D E i i j j k, , ,p( )″ − ′ − ′ is the dose
contribution of the incident beam at point (i, j, k) to
the calculated point (i′, j′, k). X-rays used in TPS typi-
cally have a contiguous energy spectrum distribution.
Therefore, the incident beam energy spectrum of 6 MV
from the software Dosxyznrc was used in this research.

Figure 1: PDD calculated by HPBM algorithm and MC method in the lung phantom for 6 MV beam with 0.1 g/cm3 density: (a) field size 0.5 cm
× 0.5 cm, (b) field size 1 cm × 1 cm, (c) field size 2 cm × 2 cm, and (d) field size 3 cm × 3 cm.
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The pencil beam kernel of pure water and lung phan-
toms with energy spectrum information were obtained
by the MC method.

At last, in order to quantify the HPBM algorithm
accuracy, the 3D dose distribution in lung phantoms cal-
culated by HPBM algorithm was compared with the MC
simulation data in small fields.

3 Results and discussion

In this study, we compare the results calculated by HPBM
algorithm with MC simulation. Those results include the
central axis percentage depth dose (PDD), the relative
errors, and the off-axis ratio (OAR) for square, oblong,
and irregular radiation fields in lung phantoms with dif-
ferent densities. The ratio of the difference between HPBM
and MC calculated results to the maximum depth dose
obtained by MC simulation is used as the relative error.
We consider 6 representative small fields, namely, 0.5 cm
× 0.5 cm, 1 cm × 1 cm, 2 cm × 2 cm, 3 cm × 3 cm,

Figure 2: PDD calculated by HPBM algorithm and MC method in the lung phantom for 6 MV beam with 0.26 g/cm3 density: (a) field size
0.5 cm × 0.5 cm, (b) field size 1 cm × 1 cm, (c) field size 2 cm × 2 cm, and (d) field size 3 cm × 3 cm.

Figure 3: The dose distributions of the central plane calculated by
HPBM algorithm and MC method for the field size of 2 cm × 2 cm and
the lung density of 0.26 g/cm3.
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1 cm × 6 cm and the irregular field as shown in Figure 6.
Here the PDD is the most concise and intuitive data for
analyzing lung phantoms 3D dose distribution in small
fields, while the OAR is used only for analyzing in
1 cm × 6 cm and the irregular fields.

3.1 Square fields

Figure 1(a)–(d) shows the PDD and relative error obtained
by HPBM algorithm and MCmethod in small square fields
of different sizes with 0.1 g/cm3 lung density and photon
spectrum of 6 MV. As can be seen from these figures,
the depth dose distribution obtained by HPBM algorithm
is basically in agreement with those obtained by MC
method, but there are apparent discrepancies at different
media interfaces. To be more specific, the dose calculated
by HPBM algorithm is lower than MC data at the water–
lung interface and lung anterior portion and higher than
MC data at the second lung–water interface. However,

results from the two methods coincide with each other
in the middle and posterior portion of the lung. Through
contrast test, the maximum error occurs in the water–
lung interface. For 0.5 cm × 0.5 cm, 1 cm × 1 cm, 2 cm ×
2 cm, and 3 cm × 3 cm field sizes, the maximum relative
errors are 29.1, 27.2, 25.4, and 20.7%, respectively.

Figure 2(a)–(d) shows the PDD and relative error
obtained by HPBM algorithm and MC method in small
square fields of different sizes with 0.26 g/cm3 density
for 6 MV beam. We can see that the results have the
same variation trend (Figure 1). For 0.5 cm × 0.5 cm,
1 cm × 1 cm, 2 cm × 2 cm, and 3 cm × 3 cm field sizes,
the maximum relative errors are 17.9, 16.8, 11.8, and
8.7%, respectively. As an example, here we give a
dose distribution of the central plane for the field
with 2 cm × 2 cm and the lung density with 0.26 g/cm3

(Figure 3).
Figure 4(a)–(d) shows the PDD and relative error

obtained by HPBM algorithm and MC method in small
square fields of different sizes with 0.4 g/cm3 density
for 6 MV beam. The variation trend of the PDD and

Figure 4: PDD calculated by HPBM algorithm and MCmethod in the lung phantom for 6 MV beam with 0.4 g/cm3 density: (a) field size 0.5 cm
× 0.5 cm, (b) field size 1 cm × 1 cm, (c) field size 2 cm × 2 cm, and (d) field size 3 cm × 3 cm.
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relative error curves are the same as that in Figures 1 and 2.
For 0.5 cm × 0.5 cm, 1 cm × 1 cm, 2 cm × 2 cm, and 3 cm ×
3 cm field sizes, the maximum relative errors are 12.8,
11.2, 6.9, and 5.3%, respectively. We also calculated the

average error for depth doses in lung between theHPBM
andMCmethod for thefieldwith 1 cm× 1 cm.Whenthe lung
density is 0.1, 0.26, and 0.4 g/cm3, the average errors
are1.51, 0.92, and 0.74%, respectively.

Figure 5: PDD and OAR calculated by HPBM algorithm and MCmethod in lung phantoms for 6 MV beam with 1 cm × 6 cm field. Numbers 1 and
2 represent OAR at 12 cm depth inside lung phantoms in the X-axis direction and the Y-axis direction, respectively. (a) PDD, density
0.1 g/cm3, (b) PDD, density 0.26 g/cm3, (c) PDD, density 0.4 g/cm3, (d) OAR, density 0.1 g/cm3, (e) OAR, density 0.26 g/cm3, and (f) OAR,
density 0.4 g/cm3.
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3.2 Oblong field

Figure 5(a)–(c) shows the PDD and relative error of lung
phantoms with different densities obtained by HPBM
algorithm and MC method for 6 MV beam in 1 cm ×
6 cm field. It is shown that the PDD curves obtained by
the two methods agree quite well with each other, and
relative errors at most depths are below 3%. But the dis-
crepancy of central axis depth dose obtained by the
two methods is obvious at media interfaces and lung
anterior portion, and the maximum error occurs in the
first water–lung interface. When the lung density was 0.1,
0.26, and 0.4 g/cm3, the maximum relative errors were
27.7, 12.9, and 8.6%, respectively. Figure 5(d)–(f) shows
the OAR in the X-axis and Y-axis directions for 1 cm ×
6 cm field at 12 cm depth in lung phantoms. The OAR
curves in the X-axis and Y-axis directions obtained by
the two methods agree fairly well with each other within
the irradiation field; however, the off-axis dose discre-
pancies between the two methods exist in the penumbra
region, especially in the condition of 0.1 g/cm3 lung
density.

3.3 Irregular field

The irregular field is shown in Figure 6.
Figure 7(a)–(c) shows the PDD and relative error of

lung phantoms with different densities obtained by
HPBM algorithm and MC method for 6 MV beam in
the irregular field. The PDD curves obtained by HPBM

algorithm are in good agreement with those obtained
by MC method, but the relative errors of few depths
visibly increase at media interfaces and lung anterior
portion, and when the lung densities are 0.1, 0.26, and
0.4 g/cm3, the maximum relative errors, occurring in
the water–lung interface, are 26.5, 13.6, and 8.3%,
respectively. Figure 7(d)–(f) shows the OAR in Y-axis
direction for the irregular field at 12 cm depth in lung
phantoms. The OAR curves in Y-axis direction obtained
by the two methods are very accordant as shown in
Figure 7(d)–(f), but there are still differences in the
penumbra region.

Table 1 lists the scattering weight coefficients and
density correction coefficients of HPBM algorithm in
lung phantoms with various radiation fields and densi-
ties. It can be seen that those coefficients decrease with
the increase in the square radiation field size and lung
density.

In Figures 1–5 and 7, by comparison, the main dis-
agreement of PDD curves obtained by the two methods
appears at media interfaces and lung anterior portion.
Generally, the depth dose obtained by HPBM algorithm
drops off faster than MC data at the water–lung interface,
and rises up faster than MC data at the second lung–
water interface, while the results of MC method change
relatively slowly. Because the density changes intensify
the effect of electronic nonequilibrium and most lateral
electrons deposit energy outside the radiation field, a
different dose build-up depth is needed to re-establish
the CPE, which causes depth dose to decrease slowly at
media interfaces [6]. However, in the middle and pos-
terior portion of lung, the average relative errors of the
two methods are less than 1% and the dose decreases
steadily as the depth increases.

Furthermore, we can see clearly that the amplitude of
dose dropping gradually lessens with the increase in the
size of small square field at the water–lung interface, and
the dose inside lung declines at nearly steady rate in the
field size of 3 cm × 3 cm for 0.4 g/cm3 lung density.
Meanwhile, it can be noticed that, at media interfaces,
the relative errors of the two methods decrease with the
increase in the field size and lung density. The depth
range in which relative errors are greater than 3%
increases with the increase in the field size at lung ante-
rior portion. As the field size increases to a certain
extent, namely, the range of secondary electron is
smaller than the field size, the effect of electronic none-
quilibrium decreases. In this case, the tissue heteroge-
neous has relatively little effect of photon beam dose
deposition. The amplitude of dose dropping is dimin-
ished, so the relative errors also reduced. Moreover,

Figure 6: The size and shape of the irregular field.
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with the increase in the lung density, the effect of
electronic nonequilibrium decreases and relative
errors also decrease. From the OAR curves, although
the off-axis doses obtained by the two methods are

slightly different in the penumbra region, the high
dose deposition area is mainly in the range of radiation
field, which is the same as the off-axis dose trend of the
MC method.

Figure 7: PDD and OAR calculated by HPBM algorithm and MC method in lung phantoms for 6 MV beam with the irregular field. (a) PDD,
density 0.1 g/cm3, (b) PDD, density 0.26 g/cm3, (c) PDD, density 0.4 g/cm3, (d) OAR, density 0.1 g/cm3, (e) OAR, density 0.26 g/cm3, and (f)
OAR, density 0.4 g/cm3.
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4 Conclusion

The high-accuracy conformal and intensity modulated
radiotherapy technologies are more demanding than
ever before, which promote the development of precise
algorithms in small fields. However, most of the existing
dose algorithms overestimate the dose of whole lung
tissue, and fail to meet the accuracy of the dose algo-
rithm. In this work, the HPBM algorithm for photon
beam dose distribution with a 3D heterogeneous correc-
tion has been developed and the HPBM algorithm
accuracy was verified in typical small fields for 6 MV
photon beam. It can be concluded that the lung dose
data obtained by HPBM algorithm are broadly in line
with the MC method data: however, there are apparent
discrepancies at different media interfaces. When few
depths with larger relative errors at media interfaces
can be ignored, the smaller the field size, the more
accurate the dose was calculated by HPBM algorithm.
These results show that the HPBM algorithm has poten-
tial research values for lung dose calculation in small
fields. Moreover, the HPBM should be further improved
for us to get a more accurate dose distribution, so as to
be used in more complex cases.
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