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Abstract

We study how mucosal dose in the oral or nasal cavity depends on the irradiated small segmental photon
fields varying with beam energy, beam angle and mucosa thickness. Dose ratio (mucosal dose with bone
underneath to dose at the same point without bone) reflecting the dose enhancement due to the bone
backscatter was determined by Monte Carlo simulation (EGSnrc-based code), validated by measurements.
Phase space files based on the 6 and 18 MV photon beams with small field size of 1 · 1 cm2, produced by a
Varian 21 EX linear accelerator, were generated using the BEAMnrc Monte Carlo code. Mucosa phantoms
(mucosa thickness ¼ 1, 2 and 3 mm) with and without a bone under the mucosa were irradiated by photon
beams with gantry angles varying from 0 to 30�. Doses along the central beam axis in the mucosa and the
dose ratio were calculated with different mucosa thicknesses. For the 6 MV photon beams, the dose at the
mucosa-bone interface increased by 44.9�41.7%, when the mucosa thickness increased from 1 to 3 mm
for the beam angle ranging from 0 to 30�. These values were lower than those (58.8�53.6%) for the 18 MV
photon beams with the same beam angle range. For both the 6 and 18 MV photon beams, depth doses in
the mucosa were found to increase with an increase of the beam angle. Moreover, the dose gradient in the
mucosa was greater for the 18 MV photon beams compared to the 6 MV. For the dose ratio, it was found
that the dose enhancement due to the bone backscatter increased with a decrease of mucosa thickness,
and was more significant at both the air-mucosa and mucosa-bone interface. Mucosal dose with bone was
investigated by Monte Carlo simulations with different experimental configurations, and was found vary
with the beam energy, beam angle and mucosa thickness for a small segmental photon field. The dosi-
metric information in this study should be considered when searching for an optimized treatment strategy
to minimize the mucosal complications in the head-and-neck intensity-modulated radiation therapy.
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INTRODUCTION

In head-and-neck radiation therapy, the goal is
to deliver a highly conformal dose to a pre-

scribed target volume while sparing surround-
ing healthy tissue as much as possible.1,2

However, this cannot be easily achieved
because of complications that arise with existing
treatment planning methods such as intensity-
modulated radiation therapy (IMRT) as a clin-
ical consequence of the radiation dose to the
mucosa.3�6 When a patient is treated for
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head-and-neck cancer with IMRT, the mucosa
are irradiated by very small segmental photon
beams with field sizes of about 0.25�1 cm2.
This may result in acute complications includ-
ing oropharyngeal mucositis, xerostomia and
sialadenitis, and chronic complications includ-
ing mucosal fibrosis, xerostomia caries, tissue
necrosis and cutaneous fibrosis.4�6 It is found
that the mucosa becomes thicker in the oral or
nasal cavity due to complication in the course
of radiation therapy.5,6

In order to reduce mucosal complications, a
reliable method is needed to calculate the
mucosal dose in the course of treatment
planning. This is difficult because the tumours
are mostly small, irregular, inhomogeneous
structures usually located at or close to an air-
tissue-bone or air-tissue interface.7�9 The
determination of the energy deposition in such
complex structures is especially challenging for
the small segmental mega-voltage (MV) photon
fields used in radiation therapy. Commercial
semi-empirical/analytic dose calculation algo-
rithms such as the pencil beam and convolu-
tion/supervision methods depend on the
assumption of transient charge particle equilib-
rium,10,11 which is difficult to achieve on a
short length scale due to the increased lateral
electron path in air.12�14 Moreover, the thick-
ness of the head-and-neck mucosal layer is on
the millimeter scale. To determine the depos-
ited energy with sufficient accuracy the resolu-
tion of the calculation should be at least one
order of magnitude smaller than that of the
object (i.e., on the 0.1 mm length scale). Cur-
rent commercial treatment planning software is
difficult to support dose calculations at 0.1 mm
resolution for the head-and-neck IMRT plan.15

Monte Carlo simulation is independent on
the assumption of charge particle equilibrium
and therefore has the potential to yield much
higher accuracy than current commercial algo-
rithms for the dose deposited by small segmental
photon fields.16�19 Moreover, the Monte Carlo
method is well established as a means of predict-
ing the dose deposited in inhomogeneous sys-
tems involving tissue, air and bone.20�22

Monte Carlo simulations using EGSnrc-based
codes are a possible way to predict the absorbed

dose within small, highly irregular inhomogen-
eous structures such as the mucosa in the oral
cavity.

In this study, 6 and 18 MV photon beams
with small field size of 1 · 1 cm2, which suffer
from lateral electronic disequilibrium in a
homogeneous medium, were used to irradiate
a thin layer of mucosa tissue with different
thicknesses (1�3 mm). The mucosa was on
top of a bone slab to mimic the oral or nasal
cavity in head-and-neck radiation therapy. By
varying the photon beam energy, beam angle
and mucosa thickness, dose in mucosa (with
bone underneath) was compared to that in
normal tissue (without bone), so that the effect
of bone backscatter on the mucosal dose can
be investigated.

MATERIALS AND METHODS

Experimental configuration

The simulation geometry of the mucosa phan-
tom with bone can be found in Figure 1. 6
and 18 MV photon beams with field size of
1 · 1 cm2, produced by a Varian 21 EX linear
accelerator, were used to irradiate a phantom
containing a 5 cm bone slab with a layer of
mucosa on top. The mucosa thickness was var-
ied from 1 to 3 mm and the source-to-surface
distance (SSD) of the photon beam was equal
to 90 cm. Apart from setting the photon beam
angle to zero, the beam was rotated 3, 5, 10,
20 and 30� clockwise with the source-to-axis
distance equal to 100 cm. Doses along the
central beam axis (CAX) in the mucosa were
calculated by Monte Carlo simulations using
the EGSnrc-based code with different beam
energies and geometries. To study the dose
enhancement due to the bone backscatter in
the mucosa, another phantom with the bone
slab replaced by the tissue was used with all
the above dose calculations repeated. A dose
ratio in the mucosa phantom with and without
the bone slab was determined with different
beam energies and geometries.

Monte Carlo simulation

The Electron Gamma Shower (EGSnrc) code
version 4-r2-3-0 developed by the National
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Research Council Canada was used in this
study.23,24 The code was run on a personal
computer with a single INTEL Core2 Quad
processor with 2.4 GHz using 3 GB of RAM.
BEAMnrc and DOSXYZnrc associated with
EGSnrc were used to generate the phase space
files with the small segmental photon fields
and calculate the dose.25�27

Modeling of photon beams with small field size

Phase space files containing the particle
information such as its type (electron, position
or photon), incident angle and energy from a
scoring plane, based on a Varian 21 EX linear
accelerator, were generated for the 6 and 18
MV photon beams. The description of the lin-
ear accelerator including the geometries and
materials of different components in the gantry
head was provided by the manufacturer. The
field size of both files was set to 1 · 1 cm2

and each file contained 5 million particles.
The EGSnrc-based BEAMnrc code was used
to generate the phase space files with transport
parameters of the electron cut-off energy
(ECUT) ¼ 700 keV, photon cut-off energy
(PCUT) ¼ 10 keV and maximum fractional
electron energy loss per step (ESTEPE) ¼
0.25.26 The Parameter Reduced Electron Step
Transport Algorithm II (PRESTA II) was used
as the electron-step algorithm.28 The user-
adjustable parameters for the above algorithm
were set at their default values. The radius of
the input electron beam was set to 2 mm and
the energy of the beam was chosen to be the
nominal acceleration potential of the photon
beam. Detailed description of how to determine
the nominal acceleration potential of the
photon beam can be found in our previous
work.29 The above phase space files were used
to calculate doses in the mucosa phantom as
shown in Figure 1.

Validations of the Monte Carlo phase space
models were carried out using the scanning
water tank system (RFA 300, Scanditronix
Medical AB) and photon diode (Scanditronix
Medical AB, PDF-3G). The servo motor sys-
tem of the water tank was controlled by the
Omni Pro 6 software for the required sampling
resolution. The photon diode was used for the
small field measurement because of its small act-
ive sampling area and thickness of 2 mm and
60 mm, respectively.30

Dose calculation
Doses along the CAX in the phantom with and
without bone (Figure 1) were calculated using
the DOSXYZnrc code with the phase space
files generated in the previous section.27 The
voxel size in the phantom was set to 2 · 2 ·
0.1 mm3 corresponding to the x (cross-line),
y (in-line) and z (along the CAX) axis. Dose
calculations were carried out according to the
experimental configuration in Figure 1. The
mucosa thickness was set to 1, 2 and 3 mm
with the beam angle varying from 0 to 30�.
Doses in both mucosa phantoms with and with-
out bone were calculated with the number of
histories equal to 20 million. Using this number
of histories, the relative dose error (uncertainty
as a fraction of dose in the voxel) was found

Figure 1. Schematic diagram (not to scale) showing the beam

geometry and experimental configuration used in Monte Carlo

simulations. 6 and 18 MV photon beams with field size of

1 · 1 cm2 were used. The thickness of the bone slab was equal

to 5 cm.
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to be around 1% based on the Monte Carlo
output files.27 ICRPBONE700ICRU and
ICRUTISSUE700ICRU were selected as the
bone and mucosa tissue materials in simulations.
The transport parameters of the ECUT, PCUT
and ESTEPE in DOSXYZnrc were set to
700 keV, 10 keV and 25%, respectively.

RESULTS

The percentage depth doses (PDDs) and beam
profiles were determined by measurements and
Monte Carlo simulations for the 6 and 18 MV
photon beams. Figure 2a,b shows the PDDs
and beam profiles for the 6 MV photon beams,
respectively, while Figure 2c,d shows the PDDs
and beam profiles for the 18 MV photon beams.
The SSD was set to 90 cm and beam profiles
were measured at a depth of 10 cm. It can be
seen that both the PDDs and beam profiles
determined by measurements and Monte Carlo

simulations agreed well. Therefore, phase space
files of the 6 and 18 MV photon beams with
field size of 1 · 1 cm2 were verified.

The depth doses in the mucosa varied with
different thicknesses of 1, 2 and 3 mm were
shown in Figure 3a�c for the 6 MV photon
beams, respectively. Beam angles of 0, 10, 20
and 30� were used in the phantoms with and
without bone under the mucosa. Figure 4a�c
has the same experimental configurations as
Figure 3a�c except the photon beam energy
was changed from 6 to 18 MV. The depen-
dences of the mucosal dose on the beam angle
with different mucosa thicknesses of 1, 2 and 3
mm were shown in Figure 5a�c for the 6 MV
photon beams. Doses at different depths in the
phantoms with and without bone were shown
in Figure 5. Figure 6a�c has the same experi-
mental configurations as Figure 5a�c except
the energy of the photon beam was changed
to 18 MV. Dose ratios (dose at a point in the

Figure 2. (a,b) The percentage depth doses and beam profiles for the 6 MV photon beams with field size of 1 · 1 cm2, respectively.

(c,d) The percentage depth doses and beam profiles for the 18 MV photon beams. Doses were measured and calculated by photon

diode and Monte Carlo simulation with SSD ¼ 90 cm. The beam profiles were determined at a depth of 10 cm.
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mucosa phantom with the bone slab to dose at
the same point in the phantom with the bone
slab replaced by tissue) were determined with
different mucosa thicknesses and beam geomet-
ries. Dose ratios with different beam angles (0,
3, 5, 10, 20 and 30�) varying with mucosa
thicknesses of 1, 2, and 3 mm for the 6 MV
photon beams were shown in Table 1(a�c).
Table 2(a�c) has the same experimental config-
urations as Table 1(a�c) except the photon
beam energy was 18 MV.

DISCUSSION

Depth dependence on mucosal dose

In Figure 3, it is seen that the depth dose in
the mucosa is larger in the phantom with the
bone slab (Figure 1) than the phantom without
the bone slab. This dose enhancement particu-
larly at the mucosa-bone interface is due to the

bone backscatter. For the 6 MV photon
beams, it is found that the dose (maximum)
at the mucosa-bone interface increases from
4.3�4.9 to 7.8�8.4 · 10�17 cGy with the
mucosa thickness increases from 1 to 3 mm
for beam angle varying from 0 to 30�. This
shows that for beam angle between 0 and
30�, an increase of the mucosal dose by
44.9�41.7% is found when the mucosa
becomes thicker during the course of treat-
ment. When the 18 MV photon beams are
used, the maximum mucosal dose at the
mucosa-bone interface increases from
11.3 (0�)�14.2 (30�) to 27.4 (0�)�30.6 (30�)
· 10�17 cGy with the mucosa thickness
increases from 1 to 3 mm, as shown in Figure 4.
This means that an increase of mucosal dose
by 58.8�53.6% can be found within a beam
angle range of 0�30�, when the mucosa thick-
ness increases from 1 to 3 mm. The larger max-
imum mucosal dose for the 18 MV than 6 MV

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0

1

2

3

4

5

6a Beam angle (bone)
 0 deg
 10 deg
 20 deg
 30 deg

Beam angle (no bone)
 0 deg
 10 deg
 20 deg
 30 deg

D
os

e 
(x

 1
0−1

7  c
G

y)

D
os

e 
(x

 1
0−1

7  c
G

y)

Depth (mm)

0.0 0.5 1.0 1.5 2.0 2.5
0

1

2

3

4

5

6

7

8b
Beam angle (bone)

 0 deg
 10 deg
 20 deg
 30 deg

Beam angle (no bone)
 0 deg
 10 deg
 20 deg
 30 deg

Depth (mm)

D
os

e 
(x

 1
0−1

7  c
G

y)

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0

2

4

6

8

10c Beam angle (bone)
 0 deg
 10 deg
 20 deg
 30 deg

Beam angle (no bone)
 0 deg
 10 deg
 20 deg
 30 deg

Depth (mm)

Figure 3. Depth doses in the mucosa with thicknesses of (a) 1, (b) 2 and (c) 3 mm varying with beam angles of 0, 10, 20 and 30�

using the 6 MV photon beams.
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photon beams is due to the larger mucosal sur-
face dose for the 18 MV beams as seen in
Figures 3 and 4. However, it should be noted
that the percentage surface dose for the 6 MV
photon beam is larger than that of the 18 MV,
when the dose is normalized to the dose at
the depth of maximum dose (dmax) as shown
in Figure 2a,c.

The difference between the depth doses with
and without bone in the mucosa phantom
shows the dose enhancement due to the bone
backscatter. In Figures 3 and 4, it can be seen
that the dose enhancement in the mucosa is lar-
gest at the mucosa-bone interface and decreases
toward the mucosa surface. This is due to the
attenuation of the backscattered dose from the
mucosa-bone interface to the surface. This
dose enhancement can be interpreted using
the dose ratio which defined as the dose in the
mucosa with the bone underneath to that with-
out. Relationship between the dose ratio and
the photon beam energy, beam angle, mucosa

thickness and depth can be found in the follow-
ing sections in details. For 1 mm thickness of
mucosa and beam angle equal to zero, the
dose gradient of the 18 MV photon beams is
2.8 times greater than that of the 6 MV. For
thicker mucosa of 2 and 3 mm, dose gradients
of the 18 MV beams are 3.5 and 3.8 times
greater than those of the 6 MV. It can be seen
that the dose gradient increases with the mucosa
thickness and the dose distribution in the
mucosa is more sensitive to the 18 MV photon
beams than the lower energy.

Both the depth doses for the 6 and 18 MV
photon beams are affected by the beam angle.
It can be seen in Figures 3 and 4 that depth
doses increase with the beam angle for both
the mucosa phantoms with and without bone.
The increase of surface dose due to the beam
obliquity can be explained by the pencil beam
model of overlapping the tilted ‘‘tear-drop’’
shaped pencil beam dose volume, and can be
found elsewhere.31,32 More detailed discussion
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Figure 4. Depth doses in the mucosa with thicknesses of (a) 1, (b) 2 and (c) 3 mm varying with beam angles of 0, 10, 20 and 30�

using the 18 MV photon beams.
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in the relationship between the mucosal dose
and beam angle can be found in the next
section.

Beam angle dependence on mucosal
dose

The relationship between doses at different
depths and beam angle can be seen in Figures
5 (6 MV) and 6 (18 MV). In Figure 5, doses
at different depths only increase slightly with
an increase of the beam angle, and doses in
the mucosa with bone are larger than those
without. When the depth is greater or closer
to the mucosa-bone interface, the dose increases
due to the presence of the bone backscatter. On
the other hand, the dose enhancement due to
the bone backscatter can be seen by comparing
doses in the mucosa with and without bone. In
Figures 5 and 6, the difference between doses
with and without bone is always larger for the
depth closer to the mucosa-bone interface. For
the 18 MV photon beams (Figure 6), doses at

different depths increase only slightly (same as
the 6 MV beam). However, both photon
beam energies show a larger extent of dose
increase when the depth is greater. It means
that the closer the depth to the mucosa-bone
interface, the larger the sensitivity of the dose
dependence on the beam angle.

Dose ratio and mucosa thickness

Dose ratios mentioned above, reflecting the
dose enhancement due to the bone backscatter,
are shown in Tables 1 and 2 for the 6 and 18
MV photon beams. It should be noted that
the dose ratio considers the dose point at the
same position with and without the bone under
the mucosa. For a photon beam with a fixed
beam angle, both point doses with and without
the bone suffer from the same effect of dose
enhancement due to the beam obliquity.
Therefore, the effect of beam angle does not
reflect on the dose ratio. In Table 1(a) for a rela-
tively thin layer of mucosa (1 mm), the dose
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Figure 5. Relationship between dose and beam angle at different depths in the mucosa with thicknesses of (a) 1, (b) 2 and (c) 3 mm

using the 6 MV photon beams.
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enhancement is between 8 and 15% for the
beam angle ranging from 0 to 30�. This is dif-
ferent from thicker mucosa (2 mm and 3
mm), which have lower dose enhancement ran-
ging from 3 to 12% and 1 to 11%, respectively.

It can be seen that the dose enhancement
increases with decrease of the mucosa thickness.
Higher dose enhancement can be found for the
18 MV photon beams with thicknesses equal to
1 mm (11�40%), 2 mm (5�27%) and 3 mm
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Figure 6. Relationship between dose and beam angle at different depths in the mucosa with thicknesses of (a) 1, (b) 2 and (c) 3 mm

using the 18 MV photon beams.

Table 1. Tables showing dose ratios of mucosa with to without bone for the 6 MV photon beams varying with depth and beam angle with mucosa
thicknesses of (a) 1, (b) 2 and (c) 3 mm

Beam angle (�)
0 3 5 10 20 30

(a) 1 mm
0 mm 1.15 1.11 1.14 1.07 1.12 1.09
1 mm 1.08 1.09 1.08 1.09 1.10 1.13

(b) 2 mm
0 mm 1.08 1.08 1.07 1.07 1.07 1.04
1 mm 1.03 1.05 1.03 1.02 1.05 1.04
2 mm 1.08 1.11 1.11 1.09 1.10 1.12

(c) 3 mm
0 mm 1.07 1.05 1.01 1.06 1.04 1.01
1 mm 1.05 1.02 1.02 1.03 1.00 1.02
2 mm 1.02 1.02 1.02 1.01 1.04 1.01
3 mm 1.08 1.09 1.10 1.10 1.10 1.11
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(3�18%) for the beam angle range of 0�30�.
This higher dose ratio is due to the larger sur-
face dose for the 18 MV photon beams than
that for the 6 MV.

In Table 1(b), it is found that the dose ratios
are larger at both the air-mucosa (1.04�1.08)
and mucosa-bone interface (1.08�1.12) than
the middle position (1.02�1.05) in the mucosa.
This dosimetric issue is also true for Table 1(c).
For 3 mm thickness of mucosa, the dose ratios
at the air-mucosa (1.01�1.07) and mucosa-
bone (1.08�1.11) interface are larger than those
in the middle of the mucosa (1.01�1.05). The
lower dose ratio or dose enhancement in the
middle of the mucosa is due to attenuations of
the bone backscatter from the mucosa-bone
interface, and of the surface dose from the air-
mucosa interface. It is seen in Table 2(b,c) that
this effect is more significant in the 18 MV
photon beams. This is because of the relatively
larger depth dose gradient in the mucosa com-
pared to the 6 MV photon beams.

CONCLUSIONS

Dependences of mucosal dose on the beam
energy, beam angle and mucosa thickness for
the 6 and 18 MV photon beams with small field
size of 1 · 1 cm2 were studied by Monte Carlo
simulations using the EGSnrc-based code.

Depth doses in the mucosa with different thick-
nesses on top of a bone were calculated. Dose
ratios (dose in the mucosa with the bone under-
neath to dose at the same point without the
bone) were determined by calculating doses in
the mucosa phantoms with and without a
bone slab. For the beam angle ranging from 0
to 30�, mucosal doses increased by
44.9�41.7% and 58.8�53.6% were found
when the mucosa was growing thick for the 6
and 18 MV photon beams, respectively. The
mucosal dose gradients for the 18 MV photon
beams were 2.8, 3.5 and 3.8 times greater than
those of the 6 MV photon beams for the 1, 2
and 3 mm thickness of mucosa. Moreover, the
mucosal dose was found to increase with the
beam angle, and the dose ratio, reflecting the
dose enhancement due to the bone backscatter,
increased with decrease of the mucosa thick-
ness. It was found that the dose enhancement
was larger at both the air-mucosa and mucosa-
bone interface than other positions in the
mucosa. This is due to the attenuations of the
bone backscatter and surface dose. This study
provides information of mucosal dose irradiated
by small segmental photon fields with various
beam energy, beam angle and mucosa thickness.
The dosimetric information here should be
considered in studying the mucosal complica-
tions in head-and-neck IMRT, so that an opti-
mized treatment strategy to minimize mucosal
complications can be developed.

Table 2. Tables showing dose ratios of mucosa with to without bone for the 18 MV photon beams varying with depth and beam angle with mucosa
thicknesses of (a) 1, (b) 2 and (c) 3 mm

Beam angle (�)
0 3 5 10 20 30

(a) 1 mm
0 mm 1.29 1.22 1.27 1.27 1.41 1.40
1 mm 1.11 1.14 1.15 1.17 1.11 1.16

(b) 2 mm
0 mm 1.18 1.15 1.18 1.20 1.14 1.27
1 mm 1.05 1.06 1.07 1.07 1.07 1.07
2 mm 1.09 1.12 1.09 1.10 1.11 1.11

(c) 3 mm
0 mm 1.04 1.18 1.15 1.11 1.11 1.12
1 mm 1.03 1.06 1.02 1.01 1.03 1.04
2 mm 1.04 1.03 1.04 1.04 1.04 1.08
3 mm 1.10 1.10 1.10 1.11 1.10 1.13
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