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Abstract

The purpose of this study was to investigate the perturbation correction factors and
inhomogeneity correction factors, ICFs, for a thin-walled cylindrical ion chamber in a
heterogeneous phantom including solid water, lung and bone plastic materials. The
perturbation factors due to the replacement of the air cavity, non-water equivalence of the
wall and the stem, non-air equivalence of the central electrode, and the overall perturbation
factor, Pq, for a cylindrical chamber, in the heterogeneous phantom were calculated with
the EGSnrc/Cavity Monte Carlo code for 6 and 15 MV photon beams. The PTW31010
(0.125 cm®) chamber was modeled with Monte Carlo simulations, and was used for
measurements and calculations of percentage depth-ionization PDI or percentage
depth-dose PDD. ICFs were calculated from the ratio of the product of the stopping power
ratios, SPRs, and Pq of lung or bone to solid water. Finally, the measured PDIs were
converted to PDDs by using ICFs and were compared with those calculated by the Monte
Carlo method. The perturbation effect for the ion chamber in lung material is insignificant
at 5x5 cm? and 10x10 cm?fields but the effect need to be considered under conditions of
lateral electron disequilibrium with a 3x3 cm?field. ICFs in lung varied up to 2% and 4%
depending on the field size for 6 MV and 15 MV, respectively. For bone material, the
perturbation effects due to the chamber wall and the stem were more significant at up to
3.5% and 1.6% for 6 MV, respectively. ICFs for bone material were approximately 0.945
and 0.940 for 6 MV and 15 MV, respectively. The converted PDDs by using ICFs were in
good agreement with Monte Carlo calculated PDDs. The chamber perturbation correction
and SPRs should strictly be considered for ion chamber dosimetry in heterogeneous media.

This is more important for small field dosimetry in lung and bone materials.
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1. Introduction

The current dosimetry protocols (Almond et al 1999, IAEA TRS-398 2001, JSMP 2002,
Thwaites et al 2003) for megavoltage photon beams have been established with ionization
measurements in a water phantom. The absorbed dose to water is derived from the
measured ionization to air using the ®°Co absorbed dose to water calibration factor, NEB,OYVCV",
and the beam quality conversion factor, kg. On the other hand, absorbed dose measurements
for heterogeneous media such as lung and bone materials have not been sufficiently
established and have various problems, unlike measurements in water. First, dosimetric data
such as stopping power ratios and mass energy absorption coefficients for heterogeneous
media are not given in the dosimety protocols. The perturbation correction factors for

ionization chambers in combination with heterogeneous media are also unknown.

Tissue inhomogeneity corrections for megavoltage photon beams are summarized in the
AAPM report 85 (Papanikolaou et al 2004). The main contents of the report are related to
the principles and features of photon inhomogeneity dose calculations for treatment
planning systems, TPS, and contain measured benchmark data from work by Rice et al
(1988a) and by Zhu and Boyer (1990). However, the report does not include dosimetric data
like stopping power ratios of heterogeneous media to water and perturbation correction
factors for ionization chambers that are necessary for absorbed dose measurements in
heterogeneous media. In fact, inhomogeneity corrections for the human body are performed
with dose calculation algorithms installed in TPS. Many modern algorithms are based on
model-based convolution methods: superposition, anisotropic analytical algorithm AAA,
and pencil beam methods using a water kernel (Ahnesjo et al 1999, Fogliata et al 2007,
Ding et al 2007a, Kn6os et al 2006, Mackie et al 1985, Van Esch et al 2006). Recently, the
Voxel Monte Carlo (Fippel 1999, 2004, Fippel et al 1999, Fragosa et al 2010, Kawrakow et
al 1996, Kawrakow and Fippel 2000, Kunzler et al 2009, Petoukhova et al 2010) and
Acuros XB (Bush et al 2011, Fogliata et al 2011a, 2011b, 2011c, 2011d, Han et al 2011,
Hoffmann et al 2011) radiation transport methods considering the atomic compositions of
heterogeneous media have become commercially available as more accurate dose

calculation algorithms for heterogeneous media.
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The beam modeling for algorithms with model-based convolution methods and radiation
transport methods is verified by beam data such as percentage depth-doses, dose profiles
and output factors measured in a water phantom, and in addition beam data measured in air
are also used for the beam modeling of the Monte Carlo method. For clinical application,
the dose calculation accuracy of algorithms for the human body that includes heterogeneous
media is very important. The human body consists of a variety of tissues and cavities with
different physical and radiological properties, which are radiologically different from water,
including typically lungs, air, and bones. The dose calculation accuracy of algorithms,
however, cannot be verified by direct measurements in the human body. So a phantom with
a combination of lung-, water-, and bone-like materials is often used to check the dose
calculation accuracy for heterogeneous media (Carrasco et al 2004, 2007, Fippel et al 1999,
Fragoso et al 2010, Kunzler et al 2009, Petoukhova et al 2010, Van Esch et al 2006, Zhu et
al 1990).

Inhomogeneity correction factors, ICFs, in heterogeneous media are generally obtained for
lung- and bone-like materials. ICFs are roughly determined as ratios of measured
ionizations between heterogeneous and water-like media. This is possible for the lung dose
correction under conditions of lateral electron equilibrium (Carrasco et al 2004, Fragoso et
al 2010, Mauceri and Kase 1987, Rice et al 1988b). However, ICFs should be considered
for lung under conditions of lateral electron disequilibrium (Aspradakis et al 2006, Krieger
et al 2005, Pisaturo et al 2012, Rice et al 1988b, Ding et al 2007b) and for heterogeneous
media such as bone with composition different from water (Papanikolaou et al 2004, Zhu et
al 1990). The stopping power ratios to lung, soft tissue, and bone materials have been
reported in detail by Siebers et al (2000). As mentioned above, the chamber perturbation
correction for heterogeneous phantom has been investigated in previous studies but
individual correction factors such as the replacement correction factor, Prepi, the wall
correction factor, Pwail, the stem correction factor, Pstem, and the central electrode correction

factor, Pcel, have not been sufficiently estimated, especially in bone material.

The purpose of this study was to investigate each perturbation correction factor and ICFs
for a thin-walled cylindrical ion chamber in a heterogeneous phantom including solid water,

lung and bone plastic materials. Furthermore, percentage depth-ionization curves measured
-4 -
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with the cylindrical chamber in the heterogeneous phantom were converted to percentage
depth-dose curves by using ICFs and were compared with those calculated using the Monte

Carlo method.

2. Materials and methods
2.1. Heterogeneous phantom design
The heterogeneous phantom model was made up by 4 layers of solid water (5 cm thickness),
lung (5 cm thickness), bone (5 cm thickness), and solid water (10 cm thickness) with a
30x30 cm? square slab as shown in figure 1. The heterogeneous plastic phantom (Gammex,
RMI, Wisconsin) consists of Solid Water RMI-457 (SW, mass density p=1.046 g/cm® and
relative electron density pe=1.018), LN300 RMI-455 (LUNG, p=0.3 g/cm?, pe=0.293), and
Bone SB3 RMI-450 (BONE, p=1.819 g/cm®, p:=1.696). The elemental composition in
fraction by weight, mass density, p [g/cm?], electron densities, pe*[el/g] and pe [el/cm?], for
water and the plastic phantoms, the relative electron densities of plastic to water, pe*(pl)
and pe (pl) are presented in tables 1 and 2. pe*[el/g] is calculated by

por=y L, @)

- A

where Na is Avogadro’s number, wi is the fraction by weight of element i, and Ziand Ai are the

atomic number and atomic weight of i, respectively. pe [el/cm®] is given by

Pe= peFXp . (2)

2.2. The perturbation correction factors of an ionization chamber

The perturbation factors for a cylindrical chamber in the heterogeneous phantom were
calculated for 6 MV and 15 MV photon beams. The PTW31010 (0.125 cm® Semiflex)
cylindrical ionization chamber was used for measurements and for Monte Carlo
calculations of depth-ionization curves or depth-dose curves with field sizes of 3x3, 5x5,
and 10x10 cm?at a source-surface distance SSD of 100 cm. Each perturbation factor was

obtained from the following equations (Ono et al 2010, Yoshiyama et al 2010).

P = (D / D) 1 (L1 p)gi, ®3)
Pwaii=Dair/ (Dair)wall, (4)

Pstem=(Dair)wall/ (Dair)wall+stem, (5)
Pcei=(Dair)watt+stem/(Dair)chamber, (6)
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Po =Dy / (Dy)eramser 1/ (L1 P)5irs (7)
where Prepi accounts for the medium of interest being replaced by air in the chamber cavity.
Pwan corrects the chamber response for the non-medium equivalence of the chamber wall.
Pstem accounts for the chamber response for the non-medium equivalence of the chamber
stem. Pcel corrects the chamber response for the effect of the central electrode. Po is the
overall perturbation factor. Each dose is presented as follows: Dm for medium, Dair for air in
the chamber cavity, (Dair)wan for air with the chamber wall, (Dair)wai+stem for air with the

chamber wall and the stem, and (Dair)chamber for air with the chamber wall, the stem, and the

m
air

central electrode, as shown in figures 2(a)-(d). (L/p)" is the average restricted mass

collision stopping-power ratio of medium to air. Each dose and (L /)" were calculated
with EGSnrc (Kawrakow et al 2011) user codes Cavity (Kawrakow et al 2009) and
SPRRZnrc (Rogers et al 2011a), respectively, as a function of depths for the heterogeneous

phantom shown in figure 1.

To improve the efficiency in the Cavity code, photon splitting was turned on, with a
splitting factor of 40 and Russian Roulette for electron that cannot reach the cavity was
used with a survival probability of 0.125 (Wulff and Zink 2008). The PTW31010 chamber
was modeled with the EGSnrc/Cavity code according to the geometrical dimensions and
materials shown in table 3. The chamber stem was modeled with PMMA and a central
electrode. The spectra for the incident photon beams were derived from the treatment head
simulations for a Varian Clinac iX linear accelerator (Varian Oncology Systems, Palo Alto,
CA) using the EGSnrc/BEAMNrc code (Rogers et al 2011a, 2011b). The collimated point
source was used for the spectrum in the Cavity and SPRRZnrc codes. The dose to medium
was calculated with a solid water disc of 0.2 mm thickness and 10 mm diameter as shown in
figure 2(a). The adequate disc dimensions are theoretically shown by Kawrakow (2006) for
6 MV and 25 MV photon beams. The point of measurement for the air cavity was taken to
be the center of the chamber cavity. Each dose was computed with a statistical uncertainty
(1o) of 0.08%-0.2% depending on the field size and depth. Consequently, their combined
uncertainty for each perturbation factor dispersed up to 0.15%-0.3%. The parameters used

for simulations were AE=ECUT=521 keV and AP=PCUT=10 keV (Kawrakow (2006).

2.3. Inhomogeneity correction factors for a heterogeneous phantom
-6-
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The absorbed dose to heterogeneous media Dinomo Ccan be presented according to
Spencer-Attix cavity theory by the following equation.

[(E/p)lar:romo P in omo]
Q,inh Q (8)

Disnomo = N * M omo - o
inhomo D,w inhomo [(L/p)air Q,W]60C0

where M is the measured ionization and the suffixes inhomo and w represent heterogeneous

media and water, respectively. The percentage depth-dose PDD for heterogeneous phantom

measurements in figure 1 can be given as follows,

PDD, ., (d, 5, f) =100\ Ditono)a

|nh0m0
( SwW )d

M ianomo.d [(E/p)lar:romo R, |nh0mo]d ©)
Msw,dmax [(L /p)alr QSW]d

=100x

where the suffix SW is solid water, d, s, and f are the depth, a field size, and SSD,
respectively, and dmax is maximum depth. The percentage depth-ionization PDI and ICF at a

depth are defined by the following equations in this study.

M
|nh0mo(d S f) 100X InhomOd’ (10)
SW,d
E/ inhomo P
ICF(d, 5)= L Pl Fomonols. (11)
[(L /p)alr P SW]dmax
PDD, . (d,s, f)=PDI, ...(d,s, f)-ICF(d,s). (12)

ICFs were calculated with field sizes of 3x3, 5x5, and 10x10 cm?at SSD=100 cm. dmax Was
1.5 cm and 3 cm for 6 MV and 15 MV photon beams, respectively. (L /)% and Pq for
the PTW31010 chamber were obtained from the Monte Carlo calculations described in Sec.
2.2. The uncertainty for ICFs dispersed up to 0.15%-0.3% depending on the field size and
depth. Finally, PDI curves measured with the PTW31010 chamber were converted to PDD
curves by wusing ICFs and were compared with those calculated by the

EGSnrc/DOSXYZnrc code (Walters et al 2011).

3. Results and discussion

3.1. Perturbation factors for a heterogeneous phantom

Perturbation factors for the PTW31010 chamber in a heterogeneous phantom with solid
water, lung, and bone slabs are shown as a function of depth for 6 MV and 15 MV photon

beams in figures 3(a)-(h). Each perturbation factor for the lung slab agreed with those for
-7-
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solid water within approximately 0.5% for 5x5 cm? and 10x10 cm? fields. However, Pwai
and Pstem for lung at a 3x3 cm? field were lower than those of other fields because the dose
from electrons scattered by the chamber wall or the stem are relatively larger than those
from lung due to a lack of lateral electron equilibrium in lung. The tendency became larger
for 15 MV because the loss of lateral electron equilibrium increases with higher energy.
Pwan Was 1% and 2% lower than those of solid water at a 3x3 cm? field for 6 MV and 15
MYV, respectively. Psem showed a similar tendency to Pwai. In contrast, Prepi for lung at a
3x3 cm? field was approximately 1% larger for 6 MV and 15 MV. This is because the
electron fluence in the chamber cavity decreases due to a lack of lateral electron
equilibrium in lung. Pcel for the lung slab was almost independent of the field size and

almost the same as that of solid water.

The perturbation factors for bone material differ from those of solid water concerning Pwal
and Psteem. Pwan values for bone were larger by up to 3.5% and 2.5% than those for solid
water at a 10x10 cm? field for 6 MV and 15 MV, respectively. Similarly Psem was
approximately 1.5% larger for 6 MV and 15 MV. In bone material with a higher atomic
number and a higher density, due to its higher angular scattering power, the electrons
released would be scattered at wider angles (Carrasco et al 2007). Consequently, the dose
from electrons scattered by the chamber wall or the stem reduces compared to those from
bone material. The effect is larger for 6 MV than for 15MV as shown in Pwai. The
perturbation factors for bone showed slight field dependence. Pcel for bone and lung were

almost independent of the field size and almost the same as that of solid water.

3.2. Po, SPRs, and ICFs for a heterogeneous phantom

Figures 4(a)-(f) present the overall perturbation factors, SPRs, and inhomogeneity
correction factors as a function of depth for 6 MV and 15 MV photon beams. Pq for solid
water was 0.985-0.990, except for the build-up region, and Pq for lung agreed within 1%
for solid water at 5x5 cm? and 10x10 cm? fields. For a 3x3 cm? field, Pq was 1.5% and 3%
lower than those of solid water for 6 MV and 15 MV, respectively, due mainly to
perturbation effects of the chamber wall and the stem. Po values for bone were 5%-6% and

4% larger than those of solid water for 6 MV and 15 MV, respectively. In addition, Pq and

-8-
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SPRs for solid water were 0.5% and 2%~2.5% lower than those of water, respectively.

(Seuntjens et al 2005) The difference in Pq is mainly attributable to Pwa.

SPRs for lung were approximately 1% and 2% higher than those of solid water for 6 MV
and 15 MV, respectively, and were almost independent of the field size. Consequently, ICFs
for lung obtained from Pg and SPRs using equation (11) were 1.01 and 0.99 at 10x10 cm?
and 3x3 cm? fields for 6 MV, respectively, and 1.02 and 0.98 at 10x10 cm? and 3x3 cm?
fields for 15 MV, respectively. Mauceri and Kase (1987) experimentally obtained the
perturbation correction to ion chamber measurements in lung. The solid water and lung
substitute phantoms that they used had similar elemental composition fractions by weight as
those used in present study. They evaluated the perturbation effect for a PTW 0.1 cm®
cylindrical ion chamber with a thin wall (~0.1 g/cm?) at a 10x10 cm? field. The results
demonstrated that the non-medium equivalence of the chamber wall can be ignored,
provided that a small, approximately tissue-equivalent, thin-walled ion chamber is used for
measuring ICFs in lung. They measured perturbation factors from the ratio of charges
collected with the ion chamber in solid water and lung materials and did not consider SPRs
for either material. Their results agreed well with values in present study at a 10x10 cm?

field without the SPR correction.

SPRs for the bone material were approximately 10% lower than those for solid water for 6
MV and 15 MV, and were almost independent of field size. Consequently, ICFs for bone
obtained from Pq and SPRs were 0.95 and 0.94 at 10x10 cm? and 3x3 cm? fields for 6 MV,
respectively, and approximately 0.94 for 15 MV. Zhu and Boyer (1990) calculated ICFs
using ratios (bone phantom material to water) of the products of SPR and Pwan for a PTW
0.1 cm?® chamber. ICFs of bone material to water were 0.929 and 0.925 for 6 MV and 18
MYV, respectively, and were approximately 2% lower than the values calculated in this study.

This is due mainly to the difference in SPRs between solid water and water. It is reported in

13 ”

the AAPM report 85 that ICFs for bone material are more important and thus “raw
ionization readings should not be used directly for bone dosimetry with ion chambers. This
study indicated that Pwan and Psem for ion chambers and SPRs should be considered for

bone material.
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Figures 5(a)-(f) show measured PDIs and PDDs and Monte Carlo calculated PDD as a
function of depth for 6 MV and 15 MV photon beams. PDIs in lung measured with the
PTW31010 chamber differ from calculated PDDs by approximately 1% and 2% for 6 MV
and 15 MV, respectively. Measured PDDs in lung obtained by multiplying PDIs by ICFs
were in good agreement with the calculated PDDs. PDIs in bone measured with the
PTW31010 chamber were 5.3%-6.3% and 6%-7% higher than the calculated PDDs for 6
MV and 15 MV, respectively. Measured PDDs in bone were in good agreement within 1%,
with the calculated PDDs. Recently, Fragoso et al (2010) compared depth-dose data
measured by a PTW pinpoint ion chamber with iPlan XVVMC Monte Carlo calculated
depth-dose curves in heterogeneous phantoms for 6 MV. The depth-dose data in lung were
close to the PDI in present study because the chamber perturbation factors are not
considered. For bone material, the PTW pinpoint depth-dose data were also corrected only
by SPRs without chamber perturbation factors and thus the measured data were

underestimated compared to Monte Carlo calculated depth doses.

4. Conclusions

This study investigated the perturbation correction factors and ICFs for the thin-walled
cylindrical ion chamber in the heterogeneous phantom including solid water, lung and bone
plastic materials. The perturbation effect in lung material is insignificant under the lateral
electron equilibrium but the effect cannot be ignored under conditions of lateral electron
disequilibrium. ICFs in lung varied by up to 2% and 4% depending on field size for 6 MV
and 15 MV, respectively. For bone material, the perturbation effects due to the chamber
wall and the stem become more significant, being up to 3.5% and 1.6% for 6 MV,
respectively. As for SPRs, the difference between solid water and lung was within 2% but
SPRs of bone material were approximately 10% lower than those of solid water. ICFs for
bone material were approximately 0.945 and 0.940 for 6 MV and 15 MV, respectively. PDIs
measured with the cylindrical ion chamber in heterogeneous phantoms were converted to
PDDs by using ICFs, which were in good agreement with Monte Carlo calculated PDDs.
This study indicated that chamber perturbation correction and SPRs should be considered

for the ion chamber dosimetry in heterogeneous media.
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470  Table 1. The elemental comparison in fraction by weight of phantom materials used in the

Monte Carlo calculations. The data for plastic materials are provided by Gammex Inc.

Element Water RMI457 LN300 RMI450
H 0.1119 0.0802 0.0846 0.0341
C 0.6723 0.5938 0.3141
N 0.0241 0.0196 0.0184
0 0.8881 0.1991 0.1814 0.3650
Mg 0.1119
Si 0.0078
cl 0.0014 0.0010 0.0004
Ca 0.0231 0.2681

Table 2. Mass density, p [g/cm®], and electron densities, pe*[el/g] and pe [ellcm?], for
475  phantom materials, and the relative electron densities of plastic to water, pe*(pl) and ce(pl).

Mass densities for plastic materials are provided by Gammex Inc.

Density Water RMI457 LN300 RMI1450
o [gem’] 0.998 1.046 0.300 1.819
pe*[elig]” 3.343x10% 3.247x10% 3.256x10°° 3.110x10%°
pe*(pl) 1.000 0.971 0.974 0.930
pe [elem’]° 3.335x10°° 3.397x10%° 9.768x10% 5.657x10%°
pe(l) 1.000 1.018 0.293 1.696

*Mass density for pure water at 22.0 °C.
bp ¢ is calculated from Eq. (9) in text.

pe=pe*xp

Table 3. Geometrical dimensions and materials of a PTW31010 chamber.

Wall of sensitive volume Dimension of sensitive
Chamber type . Central electrode
Total wall of area density volume

0.55 mmPMMA, 1.19 g/cm’
0.125 cm® Semiflex 0.15 mm graphite, 0.82 g/cm”
0.078 g/em’

radius 2.75 mm aluminium
length 6.5 mm diameter 1.1 mm

480
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Figure captions
Figure 1. The heterogeneous phantom model made up by combining solid water with lung
and bone slabs. The chamber moves along depths of a central axis for Monte Carlo

calculations of perturbation factors and PDI measurements.

Figure 2. Simplified schematic geometries used to calculate perturbation factors for a PTW
31010 chamber: (a) the dose to medium, Dm, (b) the dose to air in the chamber cavity, Dair,
(c) the dose to air with the chamber wall, (Dair)wan, (d) the dose to air with the chamber wall
and the stem, (Dair)waii+stem, (€) the dose to air with the chamber wall, the stem, and the
central electrode, (Dair)chamber. Geometrical dimensions and materials of a PTW31010
chamber are shown in Table I11. The point of measurement for the air cavity was taken to be

the center of the chamber cavity.

Figure 3. Perturbation factors Prepi, Pwail, Pstem, and Pcel for the PTW31010 chamber in a
heterogeneous phantom with solid water, lung, and bone slabs. Each perturbation factor is
shown as a function of depth at 3x3 cm?, 5x5 cm?, and 10x10 cm? fields for 6 MV and 15

MYV photon beams

Figure 4. Overall perturbation factors Pq for the PTW31010 chamber, SPRs, and
inhomogeneity correction factors ICFs in the heterogeneous phantom. Respective values
are shown as a function of depth at 3x3 cm?,5x5 cm?, and 10x10 cm? fields for 6 MV and

15 MV photon beams.
Figure 5. PDIs and PDDs measured with the PTW31010 chamber and Monte Carlo

calculated PDD in the heterogeneous phantom. PDIs and PDDs are shown as a function of
depth at 3x3 cm?, 5x5 cm?, and 10x10 c¢m? fields for 6 MV and 15 MV photon beams.
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Figure 1. The heterogeneous phantom model made up by combination solid water
with lung and bone slabs. The chamber moves along depth of a central axis for

Monte Carlo calculations of perturbation factors and PDI measurements.
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Figure 2. Simplified schematic geometries used to calculate perturbation factors
for a PTW 31010 chamber: (a) the dose to medium, Dy, (b) the dose to air in the
chamber cavity, D,ir, (¢) the dose to air with the chamber wall, (Dair)wai, (d) the
dose to air with the chamber wall and the stem, (Dair)wan+stem, (€) the dose to air
with the chamber wall, the stem, and the central electrode, (Dair)chamber.
Geometrical dimensions and materials of a PTW31010 chamber are shown in
table 3. The point of measurement for the air cavity was taken to be the center of

the chamber cavity.
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Figure 3. Perturbation factors Prepi, Pwail, Pstem, and P for the PTW31010 chamber
in a heterogeneous phantom with solid water, lung, and bone slabs. Each
perturbation factor is shown as a function of depth at 3x3 ¢cm?, 5x5 cm?, and 10x10
cm? fields for 6 MV and 15 MV photon beams.
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Figure 4. Overall perturbation factors Pq for the PTW31010 chamber, SPRs, and
inhomogeneity correction factors ICFs in a heterogeneous phantom. Respective
values are shown as a function of depth at 3x3 cm?, 5x5 cm?, and 10x10 c¢m? fields
for 6 MV and 15 MV photon beams.
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