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Treatment planning for disease sites with large variations of electron density in neighboring tissues
requires an accurate description of the geometry. This self-evident statement is especially true for
the lung, a highly complex organ having structures with a wide range of sizes that range from about
10™* to 1 cm. In treatment planning, the lung is commonly modeled by a voxelized geometry
obtained using computed tomography (CT) data at various resolutions. The simplest such model,
which is often used for QA and validation work, is the aromic mix or mean density model, in which
the entire lung is homogenized and given a mean (volume-averaged) density. The purpose of this
paper is (i) to describe a new heterogeneous random lung model, which is based on morphological
data of the human lung, and (ii) use this model to assess the differences in dose calculations
between an actual lung (as represented by our model) and a mean density (homogenized) lung.
Eventually, we plan to use the random lung model to assess the accuracy of CT-based treatment
plans of the lung. For this paper, we have used Monte Carlo methods to make accurate comparisons
between dose calculations for the random lung model and the mean density model. For four
realizations of the random lung model, we used a single photon beam, with two different energies
(6 and 18 MV) and four field sizes (1 X 1, 5X 5, 10X 10, and 20 X 20 cm?). We found a maximum
difference of 34% of D, with the 1X 1, 18 MV beam along the central axis (CAX). A “shadow”
region distal to the lung, with dose reduction up to 7% of D,,,,, exists for the same realization. The
dose perturbations decrease for larger field sizes, but the magnitude of the differences in the shadow
region is nearly independent of the field size. We also observe that, compared to the mean density
model, the random structures inside the heterogeneous lung can alter the shape of the isodose lines,
leading to a broadening or shrinking of the penumbra region. For small field sizes, the mean lung
doses significantly depend on the structures’ relative locations to the beam. In addition to these
comparisons between the random lung and mean density models, we also provide a preliminary
comparison between dose calculations for the random lung model and a voxelized version of this
model at 0.4X0.4X0.4 cm® resolution. Overall, this study is relevant to treatment planning for
lung tumors, especially in situations where small field sizes are used. Our results show that for such
situations, the mean density model of the lung is inadequate, and a more accurate CT model of the
lung is required. Future work with our model will involve patient motion, setup errors, and recom-
mendations for the resolution of CT models. © 2007 American Association of Physicists in Medi-
cine. [DOI: 10.1118/1.2437284]
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I. INTRODUCTION

Tissue inhomogeneity corrections are necessary for treatment
planning in sites such as the lung.l_7 Previous work®™'® mod-
eled the lung as a homogenized mixture of tissue and air, at
a lower density than the surrounding tissue, in order to gain
understanding of certain inhomogeneity effects between the
lung and surrounding tissue. This homogeneous model is
also called the aromic mix'" or mean density model. How-
ever, the lung is a highly complex organ, consisting of
“chunks” of tissue and air ranging in diameter from about
107* to 1.0 cm, with millions of air-tissue interfaces,lg’19 and
it is not obvious that the mean density model should be ac-
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ceptable for treatment planning. In fact, modern treatment
planning uses computed tomography (CT)-based patient ge-
ometry, in which the voxels are relatively small local homog-
enized volumes with varying densities and compositions.
However, the resolution at which one can adequately repre-
sent the lung remains an open question. In this paper, we (i)
propose a realistic heterogeneous model of the lung, and (ii)
present some preliminary Monte Carlo (MC) calculations
that compare this model to the mean density model and a
single voxelized version of the original random lung. We find
that in some important situations, dose is not well predicted
by the mean density or CT models. In future work, we plan
to use the random lung model to systematically assess the
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adequacy of current methods for treatment planning in the
lung.

The human lung is a spongy, heterogeneous organ consist-
ing of two materials of great density variation: air and tissue.
The relative positions and local composition of these two
materials are patient specific and time dependent, showing a
feature of unpredictable “randomness.” Traditionally, a het-
erogeneous particle transport region may be accurately
treated by the mean density model if a typical chunk size in
the region is smaller than the mean free path (MFP) of the
particle.”‘20 For megavoltage photons with a MFP of tens of
cm, the lung’s structure is sufficiently fine to be treated by
the mean density model. However, dose deposition is a two-
step process: (i) charged particles are generated by interac-
tions between incident photons and irradiated matter; and (ii)
these charged particles deposit their kinetic energy along
their flight path. The charged particles set in motion by
megavoltage photons have a range on the order of centime-
ters and a MFP on the order of microns. Under charged par-
ticle equilibrium (CPE), the charged particles can be thought
to deposit all their energy locally; only the MFPs of photons
matter, and the mean density approximation is valid. How-
ever, for situations where CPE does not exist, such as within
a small beam, or near a beam’s edge or a material interface,
the fact that the size of even the lung’s finest structures is
comparable to the charged particles’ MFP becomes an impor-
tant consideration. In these conditions, the mean density ap-
proximation is no longer guaranteed to be valid, and the
random lung structure could lead to perturbations in the dose
distribution. The actual dose would then deviate from that
obtained from the mean density lung model.

In this study we develop a simplified but geometrically
sound heterogeneous random lung model, based on morpho-
logical data of the human lung. We use the Monte Carlo
method to perform dose calculations for the “random” and
“mean density” lung models, because Monte Carlo is known
to yield highly accurate dose distributions for generally het-
erogeneous systems. We also use the Monte Carlo method to
compare, in a preliminary simulation, the random Ilung
model and one of its “voxelized” versions. We find that the
mean density and voxelized approximations to the random
lung model can be inadequate, particularly for small field
sizes.

The remainder of this paper is organized as follows: in
Sec. II we describe the lung model, and in Sec. III we de-
scribe our MC simulations. Section IV presents our results
and discussion, and Sec. V is a conclusion and summary.

Il. THE 2 1/2D LUNG MODEL
A. Morphology of the lung

The human lung is composed basically of two materials
of dramatically different densities (tissue and air), with ran-
dom local composition and a wide range of chunk sizes,
ranging from the order of 1.0 cm (principle bronchi, main
pulmonary arteries, and veins) down to 10~* cm (alveolus
structures). In general, human lungs consist of tube-like con-
ducting airways, circulation pathways, and very finely struc-
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tured parenchymal tissue. The conducting airways bifurcate
repeatedly and form the nearly dichotomous bronchial tree
from the carina. Similarly, the vessels form the bifurcating
pulmonary arterial and venous trees, respectively. The mor-
phology of these trees has been well studied over the last
several decades by measuring prepared casts of the airways/
vessels, and by visualizing and analyzing the trees on in vivo
CT scans.”" ™

The Horsfield order,* a numbering system starting from
the lung’s periphery and working toward the stem, is used to
group different generations (labeling the branches in the re-
verse direction of “order”) of branches of the bifurcating
bronchial and arterial/venous trees (Table I). Each order has
its number, typical size, and other morphological character-
istics, such as the total number of the branches of this order
in the whole lung.

The bronchi are accompanied by the pulmonary arteries,
while the veins are separate from these. The “7/D ratio” is
the wall thickness (7) divided by the total diameter of the
bronchus (D), and the “bronchoarterial ratio” is the diameter
of the bronchial lumen (D +2T) divided by its accompanying
pulmonary artery. One study28 showed that the 7/D ratio has
no statistically significant difference between segments,
lobes and lungs. Furthermore, no significant correlation was
shown between 7/D ratio and age, while the bronchoarterial
ratio showed a significant correlation with age. The purely
conducting airways of the bronchial tree start from the right/
left principal bronchus, with a typical luminal diameter of
1.2 cm, and end at terminal bronchioles, with an internal
diameter in the range of 0.03-0.1 cm.'® Distal to each ter-
minal bronchiole is the acinus: the complex of alveolated
airways and the largest parenchymal unit, which contains
three generations (on average) of respiratory bronchioles and
numerous alveoli where gas exchange mainly occurs. The
acinus has an average volume of 187 mm® and numbers
26 000-32 000 in both lungs, assuming a total lung capacity
of 5-6 1.* The internal airway diameter inside an acinus
falls from 0.05 to 0.027 cm.*The end structure containing
air is the thin-walled pouch-like alveolus, with a mean diam-
eter of about 0.025 cm.'® The total number of alveoli in each
adult lung ranges from 200X 10° to 600 X 10%, depending on
body size.'®

B. Lung model
1. Threshold size

Due to the extreme geometrical complexity of the lung, it
is not practical to build a real lung model down to the small-
est order of the hierarchical structures and simulate this
model in Monte Carlo calculations. Fortunately, a theoretical
part of our work® indicates that we can employ a simplified
model that (i) retains structures of sizes larger than a thresh-
old size, and (ii) homogenizes all structures finer than the
threshold size into a homogeneous mean density back-
ground. The threshold size should be (i) sufficiently small
that in regions with no structures larger than this threshold
size, the dose distribution is nearly the same as the dose
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TABLE . Morphometric data (Refs. 22 and 24) of bronchial, arterial and venous trees and the number n (number
of structures in the lung) and m (number of structures in the model) used in developing the heterogeneous

random 2 1/2D lung model.

Lumen Bronchus Artery/vein
Horsfield Length diameter diameter diameter

order (mm) (mm) (mm) (mm) n m

28 100 16 26.67 22.86 0 0

27 40 12 20.00 17.14 0 0
26 26 10.3 17.17 14.71 2 1.86
25 18 8.9 14.83 12.71 2 1.29
24 14 7.7 12.83 11.00 2 1.00
23 11 6.6 11.00 9.43 3 1.18
22 10 5.7 9.50 8.14 6 2.14
21 10 4.9 8.17 7.00 8 2.86
20 10 4.2 7.00 6.00 12 4.29
19 10 3.5 5.83 5.00 14 5.00
18 9.6 3.3 5.50 4.71 20 6.86
17 9.1 3.1 5.17 4.43 30 9.75
16 8.6 2.9 4.83 4.14 37 11.36
15 8.2 2.8 4.67 4.00 46 13.47
14 7.8 2.6 4.33 3.71 64 17.83
13 7.4 2.4 4.00 3.43 85 22.46
12 7 2.3 3.83 3.29 114 28.50
11 6.7 2.2 3.67 3.14 158 37.81
10 6.3 2 3.33 2.86 221 49.72
9 5.7 1.78 2.97 2.54 341 69.42
8 5 1.51 2.52 2.16 499 89.11
7 4.4 1.29 2.15 1.84 760 119.43
6 3.9 1.1 1.83 1.57 1104 153.77
5 3.5 0.93 1.55 1.33 1675 209.38
4 3.1 0.79 1.32 1.13 2843 314.76
3 1.1 0.64 1.07 0.91 5651 222.00
2 1.3 0.56 0.93 0.80 11300 524.64
1 1.1 0.51 0.85 0.73 25000 982.14

distribution in the homogenized model, and (ii) as large as Y
possible, to minimize the complexity of the geometry and the A= 1——<,U~>’

cost of the Monte Carlo simulations.

The classic atomic mix (mean density) approximation
states that in a geometrically random system in which the
chunk sizes are small compared to a mean free path, one can
replace the geometrically random system by the homog-
enized mean-density system, and the resulting dose will ac-
curately match the dose for the original system.”’20 To apply
this classic approximation, the threshold size should be on
the order of a mean free path for the radiation delivering the
dose (the electrons). Unfortunately, the electron mean free
path is so small that this would require almost the entire
geometrical structure of the lung to be explicitly modeled;
doing this would be prohibitively costly.

However, our theoretical work has shown that the classic
atomic mix approximation can be greatly extended for radia-
tion with highly forward-peaked scattering (in particular,
electrons).29 Specifically, we have shown that the atomic mix
approximation is valid for a random system in which the
chunk sizes are small compared to a transport mean free
path A\, which is defined as™'
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where \ is the mean free path and {u) is the mean scattering
cosine. This result implies that it is acceptable to choose a
threshold size on the order of an electron transport mean free
path, which because (u)=1, can be orders of magnitude
greater than an electron mean free path. This extension of the
classic atomic mix approximation makes it feasible to con-
struct a practical model of the lung for accurately assessing
dose deposited by photon and electron beams.

For the lowest electron energies treated, the electron
transport mean free path in water is about 0.05 cm, which is
about the size of the terminal bronchiole. In our model, all
structures smaller than 0.05 cm are homogenized to a uni-
form “background” with an adjusted mean density. This part
of the lung is called the parenchyma; it contains about 90%
of the total lung volume (with structures typically 0.01 cm in
diameter) and about 70% of the lung mass. All the larger
structures in our random lung model are explicitly modeled.

We have tested this concept in detailed Monte Carlo simu-
lations and have found that the theoretical prediction—that
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FiG. 1. Three-dimensional view of the simulated phantom geometry and
corresponding dimensions (cm) with the 2 1/2D lung model embedded in-
side the surrounding water. The coordinate system is shown in the upper left
corner; the photon beams are incident in the positive y direction and per-
pendicular to the x-z plane; the upper legend illustrates modeled airways
(concentric cylinders), arteries (single cylinders attached to the airways in
the lung) and veins (independent single cylinders in the lung) inside the
lung.

electron transport in a geometrically random system with
chunk sizes smaller than a transport mean free path is accu-
rately modeled by atomic mix—is highly accurate. In par-
ticular, Monte Carlo simulations of photon and electron
transport in a random lung model with a threshold size of
0.05 cm are also highly accurate.

2. “Random” 2 1/2D geometry

In our model, we did not duplicate the bronchial/arterial/
venous trees down to the terminal bronchioles, arterioles and
venules in their three-dimensional (3D) form. Instead, to
make our model as simple as possible for MC simulations,
yet geometrically sound, a “random” 2 1/2D model was pro-
posed, which is essentially a 2D geometry extending a finite
distance in one dimension (z direction in the simulation co-
ordinates) and cut to fit into the simulated lung region (see
Fig. 1). Due to the fact that the airway element has the ap-
proximate shape of a hollow cylinder,21 in this model, the
“airways” and the “arteries/veins” are modeled as randomly
positioned cylinders with axes parallel to the z direction (Fig.
1). Each airway consists of two concentric cylinders with the
outer cylinder being the wall. The radius of the airway lumen
for each order was taken directly from the available morpho-
logical data, and the wall thickness was calculated from the
T/D ratio. An artery/vein is taken to be a solid cylinder.
Based on the information stated above, an airway is always
attached to the artery at a randomly chosen position, while
the vein of the same order has a positive distance to the
airway/artery bundle. Because of the lack of data on this
distance, we assumed that the veins of the last seven simu-
lated orders (including all lobar and broncho-pulmonary seg-
ment bronchi) should stay in close proximity to the airways/
arteries of the same order before entering the broncho-
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pulmonary segments. In our model, the distance between the
center of the vein and the center of the smallest circle con-
taining the airway/artery bundle (the circumcircle) is set to
double the radius of this circumcircle. The position is ran-
domly selected around the bundle. The remaining smaller
orders of veins have no such restriction on position and are
uniformly distributed within the model. Arteries and veins
are assumed to have the same number of orders as the air-
ways, and to have equal radii, which were computed from
the bronchoarterial ratio for the same order. Values computed
under this assumption are consistent with the results of a
morphological study.% Representative top views in the x-y
plane are given in Fig. 2.

3. Relevant geometrical and physical parameters

An important feature of our model is that it conserves the
volume ratio of each order of structure, in such a way that
the mass for the entire lung (not local regions such as the
four particular realizations which will be discussed in Sec.
II1.) is the same for both the homogeneous (mean density)
and the heterogeneous (random 2 1/2D) models. To achieve
this goal, two quantities need to be computed correctly. One
is the adjusted numbers of structures for each order in the 2
1/2D geometry. The other is the adjusted mass density for the
homogenized part (parenchyma) of the 2 1/2D model.

We used the following equation to map the number n of
the structures in a specific order from a real lung to the
number m of the same order in our 2 1/2D model, based on
the morphometric data in Table I:

model lung

structure * @structure _ Mstructure * Ustructure (1)
Smodel Vlung

Here we have defined:

mi‘r‘:]dc‘i}m number of structures of a specific order in the
model,

”lsltlrr:;gc re number of structures of the same order in the
real lung,

Agiructure cross section of the structure,

Vgtructure volume of the structure,

S model area chosen to be able to generate all orders
of structures,

Viung volume of a lung.

In Eq. (1), Spoder determined in such a way that the small-
est calculated m is greater or equal to 1, i.e., this order of
structures must appear at least once in the model geometry.
Viung 18 set to a typical 3000 ml in this study. The calculated
m’s are presented in Table I in which most of the m’s are not
whole numbers. Since the structures in the geometry cannot
be fractional, a new m was recalculated by generating a ran-
dom number & If é<m—[m], m=m+1; otherwise, m=m.
We note that the last two orders of largest structures were not
included in the model because these two are the trachea and
the principal bronchus, which are not part of the lung. The
minimum value of S,,,4; Which allows at least one structure
from each order is 2143 cm?(46.3 X 46.3 cm?). We construct
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FiG. 2. Top view of the random heterogeneous lung model in which the concentric circles represent bronchi, the single circles attached to the bronchi are
arteries, and the independent single circles are veins: (a—b) two realizations of the modeled “whole” lung, with four selected 10.2 X 10 cm? regions to fit in
the lung block in the simulated phantom (see also Fig. 1), respectively; (c) realization L,, indicated in (a) by the lower right framed region, with one large
bronchus, artery and vein close to the CAX. [Lines (i) and (ii) are used in Fig. 3]; (d) realization L,, indicated in (b) by the upper right framed region, with
two large bronchi, arteries, and veins off the CAX; (e) realization S, indicated in (a) by the upper left framed region, with no large structures; (f) realization
S,, indicated in (b) by the lower left framed region, with no large structures.

Medical Physics, Vol. 34, No. 3, March 2007
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“whole lung realizations” using this value of S,,4. but then
select 10.2X 10 cm? subregions to represent an actual lung.
This is illustrated in Fig. 2.

lumen wall

_ plungvlung - Eorder’/lorder[pairvorder + pwater(vorder tv
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The density of the background homogeneous parenchyma
is computed using Eq. (2)

artery vein
order T order)]

Pparenchyma = lumen wall

where p=density, and other parameters are defined in Eq.
(1).

The mean density of the lung can vary significantly
among different people.33 We set  py,,=0.26 g/ cm?;
Pparenchyma @S then 0.201 g/ cm?® accordingly. The T/D ratio
0.2, and the bronchoarterial ratio 0.695 conforms to mea-
sured data.”® We used four different densities of water as four
materials appearing in the geometry: (i) water of density
1.0 g/cm?® as the matter of the airway wall, artery and vein,
as well as that of the phantom outside the lung; (ii) water of
density 0.26 g/cm? as the homogenized (mean density) lung;
(iii) water of density 0.201 g/cm® as the lung parenchyma
(the  background); and (iv) water of  density
0.001 204 79 g/cm?® as the air inside the airways. We used
only water composition for all different tissues in order to
eliminate any factors that might affect the dose calculation
other than the random geometry itself. The line density
change in the lung along the y direction at two different
width is depicted in Figs. 3(a) and 3(b). These figures show
the major differences in local densities between the mean
density and the heterogeneous lung models.

4. Voxelization

To mimic the CT scan, we also voxelize this detailed ran-
dom lung by superimposing a rectilinear grid on it and cal-
culating the mass/density accordingly for each voxel, and
homogenizing the material with each spatial cell (voxel). In
this way, we obtain a voxelized random lung phantom, in
which the density within each voxel is uniform, but the den-
sity generally varies from one voxel to the next. The result-
ing voxelized random lung model is analogous to the lung
models obtained from CT data. Figure 4 shows the voxelized
version (top view in the x-y plane) of Fig. 2(c) at a resolution
of 0.4X0.4X0.4 cm?.

lll. MONTE CARLO SIMULATIONS

The Monte Carlo code PENELOPE™* was employed for
most of the calculations in this study. We simulated the open
field x ray from a point source, with two clinical photon
beam spectra (6 and 18 MV, which were calculated by
Sheikh-Bagheri and Rogers35 for the Varian Clinac) and four
field sizes (1 X1, 5X5, 10X 10, and 20X 20 cm?) at an
SSD=source-surface distance=100 cm. The photon fluence
at the entrance surface of the phantom was uniform across
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the field. Cutoff energies of 100 keV for electrons/positions
and 20 keV for photons were used throughout. The photon
transport is performed with analog Monte Carlo. The elec-
tron transport is performed with the condensed history
method, using step sizes sufficiently small that at least five
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FIG. 4. Top view of a voxelized version of realization L; as shown in Fig.
2(c) to mimic the CT scan. The resolution is set to be 0.4 X 0.4 X 0.4 cm?.

steps are required to transport electrons through each chunk.
Dose scoring voxel sizes were 1 mm in the lung region and
2 mm in the surrounding water in the y direction (beam’s
direction). In the x direction, a 2 mm voxel size was adopted
(except for a 1 mm voxel size used for the 1X 1 cm? field
size). In the z direction (the modeled airway/vessel axes’
direction), a 2 mm voxel size was used between —3.1 and
3.1 cm, and a 4 mm voxel size was used for the remaining
lung region. No variance reduction options were used. The
1o statistical uncertainties at the D,,, point along the central
axis (CAX) are <0.5% for all field sizes.

A water phantom of 30X 30X 20 cm® with a lung region
of 10.2X10.2X 10 cm® embedded was used for simulations
(Fig. 1). The front buildup water layer is 5 cm for the 18 MV
beams and 3 cm for the 6 MV beams. The lung region ex-
tends from 5 to 15 cm for the 18 MV beams and 3 to 13 cm
for the 6 MV beams in the y direction and from —5.1 to
5.1 cm in both the x and z directions. The surrounding water
extends from —15 to 5.1 cm and 5.1 to 15 cm in both the x
and z directions.

In the lung region, we first simulated a homogeneous
mean density lung and then four heterogeneous lung realiza-
tions representing different parts of a real lung. Figures
2(a)-2(f) illustrate how a partial realization was selected
from a whole lung realization, as described in Sec. II B. Re-
alization large No. 1 (L;) is depicted in Fig. 2(c). This is a
magnified view of the lower right framed region in Fig. 2(a).
It contains one bronchus, one accompanying artery, and one
vein of the same order with diameters larger than 1 cm (in
the range of the orders of “large” bronchi, which include
main bronchi and lower lobe bronchus), all close to the cen-
tral axis region. This is intended as a representative situation
in which large structures are all encountered in the middle of
the beam’s pathway. Realization large No. 2 [L,; Fig. 2(d),
the upper right framed region in Fig. 2(b)] consists of two
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large bronchi, arteries, and veins and is intended as a repre-
sentative situation in which large structures occur off the
CAX. Realization small No. 1 [S;; Fig. 2(e), the upper left
framed region in Fig. 2(a)] and small No. 2 [S,; Fig. 2(f), the
lower left framed region in Fig. 2(b)] are two variants includ-
ing only small structures (belonging to the orders of intra-
segmental bronchi to terminal bronchioles), which may rep-
resent intrasegmental lung regions free of large structures.
The results from the four heterogeneous realizations are then
compared against the homogenized mean density lung.

We also used a voxel-based MC code, ppPM>° to perform a
preliminary calculation for a voxelized version of one de-
tailed random lung realization, L;, for the 6 MV 1 X1 pho-
ton beam. DPM has the same cross section libraries as PENE-
LOPE, and is optimized for medical physics applications.36 In
our problems, DPM runs about 40 times faster than PENELOPE.
For voxelized problems in which the two codes can both be
run, they give virtually the same results, and PENELOPE and
DPM have both been shown to yield excellent results when
compared to e><periments.36_39 The DPM cutoff energies are
the same as PENELOPE, while the DPM step sizes for electrons
are 0.5 cm above 5 MeV and 0.1 cm otherwise.

IV. RESULTS AND DISCUSSION

We report the simulation results in the forms of the central
axis (CAX) percent depth dose, isodose lines/central dose
profiles and the mean lung doses (MLD, which is calculated
by dividing the total energy deposited to the lung by the total
mass of the lung). All numbers are relative dose normalized
to the D,,, along the CAX of the mean density case for each
field size, respectively. The difference A(x,y,z) between a
certain realization and the mean density model is calculated
using

Dhetero(x’y’z) - Dmean density(x’y’z)

Alx,y,z) = D

max,mean density

The absolute values of the Dy mean densiy> however, are
listed in Table II in units of MeV/g/cm?. Due to the exis-
tence of a large number of small structures and the fine scor-
ing voxels used in the MC simulations, we have investigated
the validity of using a 100 keV electron cutoff energy. The
results show no significant differences between a much lower
10 kev and the 100 keV we adopted. Besides the main focus
on comparisons between the mean density and the random
lungs, we show a comparison between realization L, and its
voxelized version in terms of the CAX depth dose.

A. CAX depth dose

Figures 5 and 6 show the CAX percent depth doses for
the 6 and 18 MV photon beams and the 1X1 and 5
X 5 cm? field sizes, respectively. When the lung is repre-
sented by the mean density model, for both energies, the
basic shape of the CAX curves is well known: (i) the build-
down region upon entering the lung, which is due to a longer
secondary electron range in the low-density lung and the loss
of charged particle equilibrium (CPE), along with a reduced
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TaBLE II. Mean lung dose for each field size (cm?) and beam energy for the
mean density (MD) lung model and one of the four random heterogeneous
realizations as a percentage normalized to the D,,, (MeV/g/cm?) along the
central axis of the corresponding mean density lung case. [The mean lung
density (g/cm®) for the corresponding case is also listed in the parentheses.]

D ax MD L, L, M S,
Field size (X107  (0.26) (0.293) (0.306) (0.242)  (0.246)
6 MV
1x1 369 0.98 1.52 0.89 0.92 0.92
5X5 160 2241 2441 2173 2195 2232
10X 10 408 7721 7706 7673 7113 7122
20% 20 1.07 8332 8283 8268 8342  83.42
18 MV
1x1 571 129 201 1.19 1.22 1.22
5X5 302 2412 2647 2368 2350 2392
10X 10 767 7969  80.17  79.82 7932  79.52
20% 20 201 87.84 87.60 8731 8781  87.87

photon scattering in the low-density medium; and (ii) the
buildup region distal to the lung, which is due to the shorter
range and the recovery of lateral CPE. These two phenomena
become less pronounced and finally disappear as the field
size increases because CPE is gradually recovered in the
CAX region. The situation for higher energy beams with the
same field size is enhanced because the range of the second-
ary electrons is longer, and thus more volume is needed for
compensation. When the mean density lung is replaced by
one of the four heterogeneous realizations simulated in this
study, deviations of different magnitudes occur, depending
on conditions such as whether a large structure is in the
beam’s path, the size and location of the structure, the mate-
rial components of the structure, the field size, and the
beam’s energy.

1. 1x 1 field size

The most significant perturbations for the 1 X 1 cm? field
size come from the three large structures in realization L;.
The dose percent differences in the nonair region are as high
as 34% and 26% for the 18 and the 6 MV beam, respec-
tively. The buildup and build-down regions within the large
structures are clearly visible in Figs. 5(a) and 5(b). The dif-
ference is greater in the 18 MV than in the 6 MV beam, due
to the longer electron range, causing an enhanced loss of
lateral CPE for higher energy photons. The situation is just
the opposite with regard to the dose deposited in the airway
lumen. In Fig. 5(b) for the 6 MV beam, the airway lumen
(air inside) is identified by the lowest dose “valley” (13%
lower than the mean density model), which is less significant
in Fig. 5(a) for the 18 MV beam. This is mainly a result of
upstream photon scattering, since few secondary electrons
originate from within the airway lumen. The same explana-
tion applies to the region between the vein and artery, and the
region after the airway, which are mostly occupied by the
homogenized background tissue. For realization L, (with
large structures mostly outside the beam and only two large
veins partly sliced by the beam) and the other two small
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FiG. 5. The CAX percent depth doses for 1X 1 cm? field size and for (a)
18 MV, (b) 6 MV beams. The thick solid lines are for the mean density
(MD) lung model. The thin solid and the dashed lines are for two large
realizations, respectively. The dash-dot and the dotted lines are for two small
realizations. All curves for the same field size are normalized to the D,
along the CAX of the corresponding mean density (MD) case. Also indi-
cated in the figures are the large structure locations (an airway, an artery and
a vein) on the CAX for realization L.

realizations, smaller perturbations are observed in the beam.
For the 1 X 1 field size, the difference between the density of
the background tissue and that of the mean density lung can
cause a significant change in calculated dose. Within the
beam, the dose in the small realizations is lower (<4.5% and
<5.4% for the 18 and 6 MV beam) than the mean density
case due to the lower density. As a consequence of the extra
attenuation of the primary photons caused by large structures
(increased local density) inside the beam, and the fact that
the dose is dominated by electrons from primary photons, a
“shadow” region with reduced dose in the water block distal
to the lung appears. This is the case in realization L, where
the percent difference is 4.4% for the 18 MV beam and 7%
for the 6 MV beam. For the other realizations, with most
regions inside the beam being low-density background (and
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hence lower dose), the dose in the distal water region is
slightly higher (<1% for the 18 MV and <1.5% for the
6 MV) than that of the mean density lung. The softer spec-
trum of the 6 MV beam accounts for the larger differences
versus the 18 MV beam.

2. Larger field sizes

Figures 6(a) and 6(b) show that with increasing field size,
dose perturbations decrease, becoming 7% and 2% at the
large structures for the 5 X 5 cm field size and for the 18 and
6 MV beams, respectively. When the field size exceeds 10
X 10 cm?, the differences become <1.3% for the 10
X 10 cm?, and even smaller for the 20 X 20 cm? field size.
This is because for the same local density variation inside the
beam, the increasing field size leads to gradual recovery of
CPE. A similar trend occurs with the shadow region behind

Medical Physics, Vol. 34, No. 3, March 2007

the lung with realization L,. The percent differences in the
region distal to the lung for the 18 and 6 MV are <3.9% and
<6.2% for the 5X5,<3.8% and <6% for the 10X 10 and
<3.8% and <5.9% for the 20 X 20 cm? beam, respectively.
However, these changes as a function of field size are less
than those within the large structures. This indicates that
even though CPE exists in the CAX and local perturbations
are negligible, the accumulated attenuation by the upstream
structures is still present. The magnitude of the differences is
not sensitive to the field size but is mainly determined by the
structures in the beam’s pathway. For the cases in which the
tumor is on the distal side of a large structure in the beam’s
pathway, simply increasing the field size may not be an ef-
fective way to increase the dose to the tumor. For the two
small realizations without significant large local density
variations, the differences in the lung from the mean density
model are small, even for the 5X 5 cm? field size (<2.3%
for the 18 MV beam and <1% for the 6 MV).

B. Isodose lines and profiles
1. 1x 1 field size

Figures 7(a) and 7(b) show the isodose lines for the mean
density model and realization L, on the x-y plane at z=0 for
the 1X 1 cm? field size and for the 6 MV energy. Two cen-
tral dose profiles at selected depths are also shown in Figs.
8(a) and 8(b). The selected depths are (i) 3.1 cm deep in the
lung (i.e., y=6.1 cm), crossing the large vein; (i) 7.9 cm
deep in the lung (i.e., y=10.9 cm), crossing the airway lu-
men. The purpose of presenting isodose lines and central
dose profiles together is to provide a more complete picture
of the perturbations to the dose distribution caused by the
structures in the lung, while simultaneously giving typical
depth information.

The deviation from the mean density model is that the
smoothness of the isodose lines is altered, due to local den-
sity variations from randomly positioned structures. Apart
from the mean density model, large solid structures inside
the beam attenuate more primary photons and become addi-
tional local secondary particle “sources;” while at regions
free of these structures, lower dose occurs due to the lower
density of the background. These result in either the broad-
ening or contraction of the penumbra region, as is clearly
indicated by the 10% and 5% isodose lines in Fig. 7(b). A
similar result is also recognized with the 18 MV beam. Also,
a structure can increase or decrease the local dose, depending
on whether it is tissue or air, with the extent of distortion
depending on the size and location of the structure. Com-
pared to the mean density model, two hot spots are present in
Fig. 7(b) for realization L, (similar hot spots appear for re-
alization L,, as well). This is also the case for the 18 MV
beam. These can also be seen in Fig. 8(a), which shows at
3.1 cm deep in the lung, the large vein is almost centered on
the CAX; therefore a nearly symmetric profile for realization
L, occurs. In the profile for realization L, in Fig. 8(a), the
peak corresponds to a small vein with diameter about
0.22 cm, located at about x=-0.125 c¢m and totally inside the
beam. For the small 1 X 1 field size, no CPE exists inside the
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beam, so even a small structure perturbs the dose signifi-
cantly. The same situation applies to the profiles at depth
7.9 cm deep in the lung [Fig. 8(b)], where the large airway’s
wall and lumen in realization L, are indicated with the clear
asymmetry.

2. Larger field sizes

As discussed in Sec. IV A 2, CPE is gradually recovered
inside the beam with increased field sizes. For the 10
X 10 cm? field size and for both energies, the differences
between the mean density model and all four realizations are
negligible (<1.5% on average) at the high dose region, ex-
cept for the middle (realization L,), due to the extra upstream
attenuation. The large structures off the CAX yet inside the
10X 10 cm? field size in realization L, lead to a similar but
smaller attenuation effect, which is clearer for the softer
6 MV beam (~4% at 1.1 cm behind the lung) than the
18 MV beam (~2.5% at the same depth). Although the lat-
eral CPE is well established deep inside such a wide beam,
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Fic. 8. CAX dose profiles for 1X1 cm? field size for 6 MV at (a) y
=6.1 cm; (b) y=10.9 cm. The thick solid lines are for the mean density
(MD) lung model. The thin solid and the dashed lines are for two large
realizations, respectively. The dash-dot and the dotted lines are for two small
realizations. All curves for the same field size are normalized to the D
along the CAX of the corresponding mean density (MD) case.

max

in regions close to the beam’s edge, lateral CPE does not
exist because there is no compensation scattering from out-
side. Therefore, any significant local density variations oc-
curring close to the beam’s edge may possibly be of concern.
To investigate this, we examined the central dose profiles in
realization L, for the 10X 10 cm? field size at two different
depths (6.1 and 7.5 cm deep in the lung), in which the first
depth crosses the two large airways’ lumens and the second
depth crosses the two accompanying arteries and a single
vein near the CAX. The two airways and their arteries are
close to the lung-tissue interface (<1 cm). However, only
slight local perturbations (<2 %) are found to be associated
with these structures, which indicates a state close to CPE.
For this large field size, the increased scattering within water
may be compensating for the dose reduction in the large
structures.
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C. Mean lung doses

The mean lung dose (MLD) can illustrate from another
point of view the perturbations caused by the random struc-
tures. Table II gives the MLDs for each geometry and field
size, for both the 18 and 6 MV energies. We observe: (i) the
MLDs are not directly related to the mean density of the
whole lung. Rather, they are mainly determined by the tissue
of the region through which the beam passes. For example,
the L; and L, realizations have almost the same whole lung
mean density (with a mean lung density of 0.293 and
0.306 g/cm?, respectively, both greater than the mean den-
sity model’s 0.26 g/cm?) but differ much in structures in the
narrow central regions covered by the 1 X1 cm field. Along
the CAX, realization L, has three large structures, but real-
ization L, has mostly small background structures. For the
6 MV beam, this difference results in a much higher (55%
larger than the mean density model) MLD for the L, realiza-
tion and a significantly lower (9.2% smaller) MLD for the L,
realization. This can also be seen in more detail from the
corresponding CAX depth doses and the central dose pro-
files, which show that most energy is deposited within the
beam and in the high density regions (for the 1 X 1 cm? field
size). (ii) As the field size increases, the differences between
the MLDs for the two large realizations decrease for 5
X 5 cm? field size and become negligible for the 10 X 10 and
20X 20 cm? field sizes. The differences between the four
heterogeneous realizations and the mean density model also
show a similar trend. Two reasons contribute to this (as a
function of field size): (a) more structures are present in the
open beam, so more energy is absorbed; and (b) the gradual
recovery of CPE inside the beam, (iii) At all field sizes and
beam energies, the MLDs of the two small realizations (with
a mean lung density of 0.242 and 0.246 g/cm?, respectively,
both < the mean density model’s 0.26 g/cm®) are much
closer to each other and also closer to that of the mean den-
sity model than those of the two large realizations.

D. Detailed vs voxelized lungs

Figure 9 is a preliminary calculation showing the differ-
ence between a detailed random lung realization L, [Fig.
2(c)] and its voxelized version (Fig. 4) in terms of CAX
depth dose. Basically, the two curves agree reasonably well
with each other. The voxelized lung at the resolution of 0.4
% 0.4 X 0.4 cm? reveals most of the structures in the detailed
one, and in particular, the magnitude of the underdosing dis-
tal to the lung is reproduced. This is as expected, because the
underdosing is almost entirely affected by the amount of at-
tenuation of the primary photons, which in turn depends on
the radiological length along the beam’s path. The average
density in the beam’s pathway is conserved, even though the
homogenization in each voxel tends to smooth out the details
of the structure. However, the voxelization still causes local
differences up to 5% in the nonair region (up to 12% in the
airway), which is due to the smoothing of the structures in
the voxels. Appropriate resolutions of voxelization is a com-
plex issue and subject to further investigation. We will report
more comprehensive results in the near future.
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V. CONCLUSION

We have developed a random heterogeneous 2 1/2D lung
model, based upon real lung physical data, by explicitly
treating the bronchial and vessel tree structures within a ho-
mogenized tissue background with adjusted density. Four re-
alizations of this model were chosen to represent various
scenarios that may be encountered in lung treatment plan-
ning. Monte Carlo simulations using the PENELOPE Monte
Carlo code were performed on the homogeneous mean den-
sity lung model and the four heterogeneous realizations, for a
single beam of two different energies (6 and 18 MV) and
four field sizes (11, 5X5, 10X 10 and 20X 20 cm?). By
comparing the CAX percent depth doses, the central dose
profiles, and the MLD among all the cases, we conclude that
when the beam traverses a region with significantly large
local structures, such as the regions close to the main and
lobar bronchi and the vessels of the same order, a serious
concern can exist if these structures are inside the beam.
Also, significant local perturbations in dose (more than 30%
of D, larger than the mean density model for the 18 MV)
were found for the small 1X 1 cm? field size. As the field
size increases, the local perturbation may finally vanish as
CPE is established. However, the extra concentration of den-
sity inside the beam can lead to dose reduction as high as 7%
of D, in the distal shadow part of the beam, which is not
compensated by inward scattering, even with the largest field
size (20X 20 cm?) in this study. This situation affects low-
energy beams more than high-energy ones because of their
softer spectra. Also, the reduction in dose in the shadow re-
gions behind large structures is largely independent of the
field size. On the other hand, if there are no large structures
inside the beam, the results (especially the MLD) are closer
to the mean density model (yet still show geometry-specific
variation). For the small field sizes, such as the 1 X1 cm?
beam where lateral CPE is absent, even a relatively small
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structure (~0.22 cm) simulated in the heterogeneous model
can significantly perturb the dose.

Also, in a preliminary calculation, we compared the CAX
depth dose for a random lung and a voxelized counterpart
using a 0.4 cm resolution. We found up to a 5% of D,
difference in nonair region.

Our results show that the mean density model for the
whole lung is not generally a good approximation, especially
for small field sizes, and that a voxelized model with 0.4 cm
resolution can also have significant errors.

In future work, we plan to extend our random lung simu-
lations to more realistic geometries, in which the lung, tu-
mor, and surrounding tissue are more accurately represented,
and in which setup errors and patient breathing are included.
We also plan to systematically study the accuracy of dose
calculations obtained by Monte Carlo on voxelized versions
of the random lung at different resolutions. (In other words,
we plan to assess the errors in dose due to voxelization.) The
effect of voxelization on dose volume histograms and calcu-
lation times has been studied recently.40 Also, comparisons
have recently been made between dose calculations obtained
by Monte Carlo, convolution/superposition, and pencil beam
methods for voxelized lung intensity modulated radiation
therapy.“ By examining similar issues in our work, it should
ultimately be possible to assess the accuracy of current dose
calculation methods (i.e., convolution/superposition and pen-
cil beam) for the lung. The work presented in this paper is a
first step toward achieving this practical objective.
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