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Abstract
Proton beams used for radiotherapy will produce neutrons when interacting with matter. The purpose
of this study was to quantify the equivalent dose to tissue due to secondary neutrons in pediatric and
adult patients treated by proton therapy for brain lesions. Assessment of the equivalent dose to organs
away from the target requires whole-body geometrical information. Furthermore, because patient
geometry depends on age at exposure, age-dependent representations are also needed. We
implemented age-dependent phantoms into our proton Monte Carlo dose calculation environment.
We considered 8 typical radiation fields, 2 of which had been previously used to treat pediatric
patients. The other 6 fields were additionally considered to allow a systematic study of equivalent
doses as a function of field parameters. For all phantoms and all fields, we simulated organ specific
equivalent neutron doses and analyzed for each organ (1) the equivalent dose due to neutrons as a
function of distance to the target; (2) the equivalent dose due to neutrons as a function of patient age;
(3) the equivalent dose due to neutrons as a function of field parameters; and (4) the ratio of
contributions to secondary dose from the treatment head versus the contribution from the patient’s
body tissues. This work reports organ specific equivalent neutron doses for up to 48 organs in a
patient. We demonstrate quantitatively how organ equivalent doses for adult and pediatric patients
vary as a function of patient’s age, organ, and field parameters. Neutron doses increase with
increasing range and modulation width but decrease with field size (as defined by the aperture). We
analyzed the ratio of neutron dose contributions from the patient and from the treatment head, and
found that neutron equivalent doses fall off rapidly as a function of distance from the target, in
agreement with experimental data. It appears that for the fields used in this study, the neutron dose
lateral to the field is smaller than the reported scattered photon doses in a typical intensity modulated
photon treatment. Most importantly, our study shows that neutron doses to specific organs depend
considerably on the patient’s age and body stature. The younger the patient, the higher the dose
deposited due to neutrons. Given the fact that the risk also increases with decreasing patient age, this
factor needs to be taken into account when treating pediatric patients of very young ages and/or of
small body size. The neutron dose from a course of proton therapy treatment (assuming 70 Gy in 30
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fractions) could potentially (depending on patient’s age, organ, treatment site and area of CT scan)
be equivalent to up to ∼30 CT scans.

1. Introduction
Due to early cancer detection and more successful treatments leading to greater life expectancy
post treatment, the risk of radiation-induced secondary cancers is a growing concern in
radiation oncology (Hall 2004). Radiation therapy causes dose to be deposited in different areas
of the patient. There is prescribed dose to the target structures (e.g., the planning treatment
volume), but also dose to surrounding structures (i.e. along the path of the primary beams and
by scattered radiation to the rest of the body). Along the path of the irradiation field, one may
have to accept a risk for second malignancies because of the therapeutic benefit of radiation
therapy. However, the dose to areas not directly irradiated carries a risk that, in some cases,
may not be justified. Of particular concern of such “out-of-field” exposures are pediatric
patients because they have a long life expectancy after treatment and because their organs show
a higher risk for developing second malignancies (BEIR 2006).

Due to its highly conformal dose distribution, proton therapy is advantageous in particular for
pediatric tumors and in the head and neck region (Wilson et al 2005). However, it has been
discussed whether the use of proton therapy (or intensity modulated photon therapy (IMRT))
could result in a higher incidence of radiation-associated second cancers compared with those
from conventional (3D conformal photon) radiotherapy (Hall and Wuu 2003, Kry et al 2005,
Hall 2006, Paganetti et al 2006).

As far as the dose outside the main radiation field is concerned, proton beams deposit secondary
dose mostly via secondary neutrons. These neutrons are either generated in the patient, or in
the treatment head from which they can potentially reach the patient. Neutron yield generated
in the patient increases with beam range (i.e. the beam energy) and treatment volume. The
neutron yield generated in the treatment head depends on various geometrical and physical
parameters. Two treatment techniques, based on different principles, are commonly used for
proton therapy: passive scattering and pencil-beam scanning (Blattmann 1992).

The first method needs various scatterers, beam-flattening devices, collimators, and energy
modulation devices. Additionally, for each patient, individual apertures and compensators are
required. Significant treatment head contributions are caused by the patient-specific aperture,
primarily because passive scattered proton machines typically offer a limited set of different
field sizes impinging on the final aperture, thus influencing the neutron yield due to its
dependence on the ratio of field size and aperture opening (Gottschalk 2006, Paganetti et al
2006). The neutron dose caused by the treatment head decreases with increasing aperture size
(opening) and air gap, because the brass collimator contributes significantly to the neutron
dose. The treatment head is typically the dominant neutron source compared to the patient
contribution (Jiang et al 2005). Scattered radiation in therapeutic proton beams using passive
scattering has been studied by several investigators. Binns and Hough (Binns and Hough
1997) measured the secondary dose in a 200 MeV proton beam. Measurements were performed
by Yan et al (2002) utilizing a 160 MeV proton beam with a passive scattering beam delivery
system. The beam exiting the treatment head was almost entirely stopped in an aperture leading
to neutron equivalent doses of 1–15 mSv/Gy (mSv/Gy denotes equivalent dose per treatment
dose). Polf and Newhauser (Polf and Newhauser 2005) studied the secondary neutron dose for
a passive scattering delivery system using Monte Carlo simulations and measurements. The
neutron dose decreased from 6.3 to 0.63 mSv/Gy with increasing distances to isocenter from
50 to 150 cm and increased as the range modulation increased. Secondary dose was assessed
using Monte Carlo techniques by Agosteo et al (1998) for a passive beam delivery system
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delivering a proton beam of 65 MeV. The absorbed dose due to neutrons was in the range
3.7×10−7 to 1.1×10−4 Gy per treatment Gy depending on the distance to the field. They also
looked into a passive scattering beam delivery system to treat deep tumors. The computed
secondary dose due to scattered photons and neutrons varied from 0.146 to 7.1×10−2 mGy per
treatment Gy for depths ranging from 1 to 8 cm with a distance to the field edge of 9 to 15 cm.
Roy and Sandison (Roy and Sandison 2004) irradiated an anthropomorphic phantom and found
that the scattered neutron equivalent dose varied between 0.1 and 0.26 mSv/Gy for the passive
scattering system using a beam energy of 198 MeV. Subsequently, a systematic study on
scattered neutron equivalent dose using anthropomorphic phantoms was performed (Mesoloras
et al 2006). The neutron equivalent dose decreased with increasing aperture size and air gap
demonstrating that the brass collimator contributes significantly to the neutron dose. In the
study by Mesoloras et al (2006) neutron equivalent dose varied from 0.03 to 0.45 mSv/Gy for
a small field snout and from 0.1 to 0.87 mSv/Gy for a large field snout. Tayama et al (2006)
measured neutron equivalent doses up to 2 mSv/Gy outside of the primary radiation field in a
200 MeV proton beam. Measurements were also done using anthropomorphic phantoms and
microdosimetric detectors (Wroe et al 2007). Equivalent doses from 3.9 to 0.18 mSv/Gy were
measured when moving from 2.5 cm to 60 cm distance to the field edge.

The results obtained in these studies vary significantly (equivalent doses between 4×10−6 and
20 mSv per treatment Gy were reported). The reason is that neutron doses decrease rapidly
with lateral distance from the proton field making it heavily dependent on the point of interest.
Further, neutron production depends on the treatment facility (due to differences in the design
of the scattering devices) and on the individual field settings (because the treatment head
geometry and the beam energy are field dependent in proton therapy).

In beam scanning, a proton pencil beam is magnetically scanned over the target volume without
the need for scattering, flattening, or compensating devices. (Schneider et al 2002). For a
scanning system the neutron equivalent dose was measured to be between 2 and 5 mSv/Gy for
target volumes of 211 (sacral chordoma) and 1253 cm3 (rhabdoyosarcoma), respectively, and
0.002 to 8 mSv/Gy for lateral distances of 100 to 7 cm from the treatment beam axis (Schneider
et al 2002). Agosteo et al (1998) simulated a scanning system with a maximum energy of 200
MeV showing a secondary absorbed dose ranging from 1.5 to 5.0 mGy per treatment Gy for
depths between 1 and 30 cm. Due to the use of fewer scattering devices, pencil-beam scanning
produces a lower neutron background than passive scattering because the patient acts as the
only neutron source. It is undisputed that scanned proton beams offer a lower secondary cancer
risk than passive scattered protons or even photons (Miralbell et al 2002, Schneider et al
2002). However, most proton therapy installations currently in use still use passive scattered
beam delivery.

Most of the experiments aimed at measuring dose as a function of distance to the field. This
quantity is not helpful for epidemiological risk assessments that have to be based on organ
specific equivalent dose estimations. Although measured data have to be considered the gold
standard, simulations allow a more realistic consideration of patient specific geometry.
Typically a patient geometry is obtained using computed tomography (sometimes in
combination with other modalities, like positron emission tomography or magnetic resonance
imaging) for treatment planning purposes. Because of the concern of excessive radiation with
most imaging techniques, whole body scans are rarely available. Thus, to allow organ specific
secondary radiation doses to patients to be assessed, whole-body computational phantoms of
reference patients are needed. In order to study whole-body effective dose or absorbed and
equivalent doses to specific areas (organs) in the human body, traditionally stylized phantoms
have been used. These phantoms typically have only three media with distinct densities: bone,
soft tissue, and lung. These are grouped to build three principal sections: an elliptical cylinder
representing the arm, torso, and hips; a truncated elliptical cone representing the legs and feet;
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and an elliptical cylinder representing the head and neck. Extensive work has been done on
organ doses from medical exposures using stylized models (Stovall et al 1989, Stovall et al
2004). Nevertheless, the concept has obvious shortcomings. Human anatomy is too complex
to be realistically modeled with a limited set of surface equations. Calculated average organ
and marrow doses based on such stylized models have not shown strong correlations with
radiotoxicity (Lim et al 1997). Ron (1997) concluded that uncertainties based on stylized
phantom calculations may be significant for dose estimations. Consequently voxel phantoms
were introduced where each voxel is identified in terms of tissue type (soft tissue, hard bone,
etc) and organ identification (lungs, skin, etc). Properties of different voxel phantoms are
reviewed by Zaidi and Xu (2007). Lee et al (2006a) addressed the differences between the use
of stylized phantoms and the use of voxelized phantoms derived directly from patient CT scans.
It was found that the two types of phantoms involve differences of up to 150% in organ
secondary absorbed dose due to the limitations of the anatomical description provided by the
stylized phantoms.

In a previous study, we reported results for organ dose away from the targeted tumor in the
whole-body voxelized VIP-Man model (Xu et al 2000) for proton therapy treatments (Jiang
et al 2005). The present study is a continuation of our study on the adult VIP-Man phantom
whereby we introduce the use of pediatric voxel phantoms. The aims of this study were to
assess: (1) the organ equivalent dose due to secondary dose as a function of distance to the
target; (2) the organ equivalent dose due to neutrons as a function of patient age; (3) organ
equivalent dose due to neutrons as a function of field parameters; and (4) the ratio of
contributions to secondary dose from the treatment head versus those from the patient. The
present study purposely did not include a calculation of whole-body effective dose, the reason
being that the ICRP tissue weighting factors are gender- and age-averaged. ICRP clearly stated
(ICRP 2005) that the effective dose concept should not be used to indicate risk for specific
individuals. Because the aim of this project was to provide data to allow organ specific risk
assessments rather than radiation protection estimations, we focus on organ equivalent doses.

2. Methods and Materials
Whole-body computational phantoms

To simulate the anatomy of an adult patient we used the VIP-Man computational phantom
(Xu et al 2000), which is based on anatomical color images of the Visible Human Project from
the National Library of Medicine (Spitzer and Whitlock 1998). This phantom distinguishes
adrenal glands, bladder, esophagus, gall bladder, stomach mucosa, heart muscle, kidneys, large
intestine, liver, lungs, pancreas, prostate, skeletal components, skin, small intestine, spleen,
stomach wall, testes, thymus, thyroid, gray matter, white matter, teeth, skull CSF, male breast,
eye lenses, and red bone marrow (Spitzer and Whitlock 1998, Xu et al 2000). Average tissue
compositions and densities are used to tag each voxel (ICRP 1975).

To simulate pediatric patient geometries, a series of tomographic computational phantoms of
pediatric patients for use in medical dosimetry (UF Series A) has been developed at University
of Florida (Lee and Bolch 2003, Lee et al 2005). Five phantoms of different ages were
constructed from CT image data of live patients (Figure 1, left). For each organ and phantom,
age- and gender-dependent densities as well as age-dependent material compositions were
adopted based on ICRU (ICRU 1992). For those soft-tissue organs where no age-specific data
were available, adult reference soft-tissue densities were used. For the lungs, effective densities
were assigned so that the total phantom lung mass matches its interpolated reference mass
(inclusive of pulmonary blood). Next, a set of whole-body voxel phantoms of pediatric patients
were developed through the attachment of arms and legs (UF Series B; Figure 1, right) (Lee
et al 2006b). Inclusion of the arms and legs is critical for dosimetry studies of pediatric patients
due to the presence of active bone marrow within the extremities. Comprehensive adjustments
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were made to match ICRP age-interpolated reference body masses, body heights, sitting heights
and internal organ masses. Thus, the phantoms do not only take into account changes in
geometry as a function of age but also changes in organ specific material composition as a
function of age based on individuals at the ICRP reference ages (ICRP 2003a).

Implementation of the phantoms into the Monte Carlo dose calculation environment
A Monte Carlo dose calculation system is being used routinely at Massachusetts General
Hospital to support treatment planning (Jiang and Paganetti 2004, Paganetti et al 2004, Jiang
et al 2007). The code is based on the Geant4 Monte Carlo code (Agostinelli et al 2003). Within
this system, the beam entering the treatment room was parameterized (in terms of beam energy,
energy spread, angular spread and spot size) based on experimental data. Furthermore, a
detailed model of the treatment head is implemented which allows consideration of any patient
field specific setup variations via input parameters (Paganetti et al 2004). The treatment head
incorporates an extensive number of different settings (combinations of scatterers, variable
jaws, etc.). Within the treatment hardware control system, the prescribed range and modulation
in the patient are translated into the corresponding settings of the treatment nozzle setup. The
Monte Carlo code simulates apertures and compensators based on the files generated by the
planning system for the milling machines. In the first step of the Monte Carlo dose calculation,
particles are tracked through the treatment nozzle. The simulations generate phase space files
recording the spatial, energy and angular information of the particles at the exit of the treatment
nozzle (downstream surface of the range compensator). In the second step, the patient geometry
is constructed, and dose calculations are conducted with source particles read from the phase
space files.

For proton treatments with double-scattering system, range modulator and aperture, a
significant number of secondary neutrons are generated in the treatment head in addition to the
neutrons that are produced in the patient’s body. In order to assess the relative contribution of
these two neutron sources to the patient secondary organ equivalent dose, we divided the phase
space defining the primary particles into a proton component (‘proton phase space’) and a
neutron component (‘neutron phase space’), each of which was separately simulated to ‘treat’
the six virtual patients. In the context of the study, internal neutrons included the neutrons
produced in the patient via interactions of primary protons with tissue, and the later generations
of neutrons originated from them. In contrast, external neutrons were defined as those generated
in the treatment nozzle and also the next generations of neutrons generated by them in the
patient.

The proton and neutron phase spaces of each field were calculated by transporting 40 million
protons through the nozzle. In order to deliver absolute doses, the proton phase spaces were
used to ‘treat’ a uniform water volume (a cube of 30 cm side) and the dose deposited in a 1-
cm-diameter sphere located at the center of the spread-out Bragg peak (SOBP) of each field
was considered as the target dose delivered by the field. All subsequently simulated secondary
doses to the voxel phantoms were normalized to this value.

In order to model patient anatomy, the capability of using CT data or other voxelized geometry
information is implemented into our Monte Carlo system (Jiang and Paganetti 2004, Jiang et
al 2007). A software link of the Monte Carlo dose engine to the patient database and the
commercial planning system is established which allows transfer of patient data, treatment plan
parameters and machine setup. Treatment information, like prescribed dose per field, size of
the air gap, couch angle and gantry angle, is read from the patient database.

The phantoms were implemented in the system as “virtual patients”. The materials of the
phantom tissues/organs were defined by their age-dependent density and elemental
composition. The patient geometry was subsequently reconstructed as a set of voxels, each
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voxel corresponding to a given material. The resolution and number of voxels in the simulations
are given in Table 1 along the lateral (x), anteroposterior (y) and craniocaudal (z) directions.

The setup of each phantom position was based on all field parameters, including gantry angle,
couch angle, isocenter, and air gap. For all fields, we assumed that the air gap was 2 cm. The
remaining parameters were extracted from the treatment plan except for the field position. The
phantoms were placed in the reference frame of the simulation so that the field would be
centered to the median projection of the brain.

We considered eight proton fields of varying size and range/modulation combinations for the
treatment of tumors in the intracranial region. Of these fields, two were previously used to treat
pediatric patients at the F. H. Burr Proton Therapy Center at Massachusetts General Hospital.
The first patient was a 9-year-old female who was diagnosed with a massive tumor in the
temporal lobe, as shown in Figure 2 (a). The second field was used to treat a female patient of
the same age for a brain lesion as shown in Figure 2 (b). The other six fields were circular and
were defined in order to systematically evaluate the effect of field size, range and modulation
on the calculated secondary organ equivalent dose. A summary of field diameters, ranges and
modulation widths in water is given in Table 2.

Consideration of organs
Table 3–Table 5 list the segmented phantom organs for which secondary (absorbed and
equivalent) organ doses and neutron fluences were calculated. Organs directly irradiated by
the field were not considered in the secondary dose calculations. These were brain, cranium,
muscle, adipose and skin for all phantoms, and, in addition, articulations, red bone marrow and
bones (other than mandible and spine) for the adult phantom. The anatomical systems of the
adult phantom (respiratory, endocrine, digestive, urinary, reproductive, nervous and circulatory
system) were also not analyzed. The organs in Table 3–Table 5 are given in increasing distance
from the target (the spinal cord and the aorta of the pediatric phantoms were distance-ordered
between the gall bladder and the adrenals on average to account for their extent. For the same
reason, the esophagus was listed between the lungs and the heart).

In the pediatric phantoms, organ indices 1 to 8 correspond to the head-and-neck region, indices
9 to 14 (female) or 13 (male) refer to the thorax while the abdomen organ indices are in the
interval 15 to 29 (female) or 14 to 28 (male). The skeletal structures follow with indices 30 to
48 (female) or 29 to 47 (male). The corresponding indices for head-and-neck, thorax, abdomen,
and skeleton in the adult phantom, are 1–2, 3–7, 8–21 and 22–23, respectively. In certain cases,
the organ components were segmented in the geometry. The overall organ equivalent doses
were then calculated as the average of the component doses. A list of the organs for which the
equivalent dose was averaged and their components are given in Table 6. As the table shows,
the doses for lungs, adrenals, kidneys and colon wall were also averaged bilaterally in the
pediatric phantoms.

Radiation quality factors
The relative biological effectiveness (RBE) is typically defined relative to 60Co for a specific
level of effect (e.g., surviving fraction or mutation yield). A quality factor is the maximum
RBE, i.e. the RBE for low doses and is typically defined conservatively, e.g. by ICRP
(1991). To calculate the organ equivalent dose, the contributions from different particles have
to be added with the appropriate radiation quality factors.

The organ equivalent dose, HR,T, due to energy deposited by particles of type R in an organ
T is given as
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(1)

where DR,T is the absorbed dose deposited in organ T by particles of type R and radiation factor
wR.

For this work, the selection of radiation factors was done as follows.

For energy depositions by secondary protons generated by proton events, the value of wR was
decided given the energy, Ep, of the incoming proton based on experimental data (Paganetti
et al 2002):

(2)

For depositions by electrons from protons, the value of 1.1 was used for the radiation weighting
factor irrespective of electron energy. For dose deposited by protons or electrons generated
directly or indirectly by neutrons, we followed the quality factor recommendation of the ICRP.
The dose deposition was weighted by the radiation factor of the parent neutron, which was
calculated from the energy of the neutron (at the interaction vertex of the neutron). Previously,
the ICRP recommended a step function to parameterize energy dependent neutron quality
factors (ICRP 1991), but a change in this recommendation, moving to a continuous energy
dependence, has been recently established (Figure 3) (ICRP 2003b). We used the most recent
definition. For all other particle types (e.g., alpha particles), the average organ absorbed dose
was scaled by a mean neutron radiation weighting factor, which was calculated by weighing
the fluence distribution of the neutrons entering the organ with the 2007 ICRP definition of
the neutron radiation factor (outside of the main radiation field it is pretty much guaranteed
that these secondary particles belong to neutron chains).

Figure 4 shows two neutron energy distributions (one for internal and one for external neutrons,
normalized to the same yield) at the patient’s tongue for the 14 year old phantom and field 5
to illustrate the overall energy range and the difference between externally and internally
generated neutrons. Neutrons from the treatment head have obviously a higher maximum
energy than the ones generated in the patient.

Equivalent doses
During particle tracking in the Monte Carlo calculations, the energy depositions were classified
by the particle type (protons, electrons or other). If the energy was deposited by a proton or an
electron, it was further distinguished by particle origin (proton chains or neutron chains). The
chain type was defined as follows. For each particle in the event, the creation and reaction
vertices were stored to provide access to the history of the event. For dose depositions by
protons or electrons, the history of the event was used to search for a neutron in the ancestors
of the dose depositing particle. If a neutron was found, the particle was considered to belong
in a neutron chain, otherwise it was classified as part of a proton chain. In the case of neutron
chains, the neutron that was created latest in the simulation was considered to be the ‘neutron
parent’ of the specific particle. The neutron quality factor was then assigned accordingly.
Lastly, if the absorbed dose was deposited by a proton in a proton chain, the dose depositions
were classified further into three groups depending on particle energy in order to apply the
quality factors given in eq. (2). The organ equivalent dose was calculated for each individual
dose deposition. The classification of dose depositions by particle types, particle chains and
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particle energies was used in order to select the appropriate radiation factor on a step-by-step
basis in the simulation. Thus, the organ equivalent doses were accumulated according to the
following expression:

(3)

where Dppi are the organ absorbed doses in the proton energy intervals mentioned above (eq.
(2)), Hpnw are the step-by-step wR-weighted energy depositions by protons originating from
neutrons, Dep are the organ absorbed doses from electrons originating from protons, Henware
the step-by-step wR-weighted energy depositions by electrons originating from neutrons,
Dother are the organ absorbed doses from particles other than protons or electrons and wR are
the average calculated neutron radiation factors per organ.

Further, we distinguish between Htot Hp, and Hn, referring to the total organ equivalent dose,
the organ equivalent dose from protons entering the patient (based on the proton phase space),
and the organ equivalent dose from neutrons entering the patient (based on the neutron phase
space), respectively. Thus, Hp refers to internal neutrons whereas Hn refers to external neutrons.

Monte Carlo setup
All simulations were performed with the 8.1.p01 version of the Geant4 toolkit (Agostinelli et
al 2003). This particular code was chosen because of an already existing Geant4 based proton
dose calculation engine at MGH and because Geant4, being a toolkit, offers great flexibility
for implementing computational phantoms and for scoring equivalent doses in the way
described above. We did benchmark our settings for hadronic physics against experimental
results. The data analysis and the explicit physics settings for which we found excellent
agreement with measured data is described elsewhere (Zacharatou Jarlskog and Paganetti
2007).

3. Results and Discussion
Age and organ specific doses

Equivalent doses were analyzed for all phantoms, all organs and all patient fields. The
maximum neutron equivalent dose delivered to an organ is about 10 mSv per treatment Gy.
Overall, the organ equivalent neutron dose for a particular treatment field depends on patient’s
age, organ, and field parameters. The variation among different organs is substantial due to the
significant decrease in neutron dose when moving away from the target.

Not all data for the 8 fields and 8 phantoms with up to 48 organs can be presented here. In
order to give an overall impression about the organ doses, the difference between treatment
head and patient generated dose and the uncertainties in the data we only present in Table 7
the two fields that were used clinically (fields 7 and 8). Because the two patients were 9 years
old we show the doses for the 8 year old phantom (closest match).

The statistical uncertainty of the simulated organ equivalent doses depends on the organ mass
and volume, i.e. on the number of incident particles in each voxel leading to dose deposition.
The latter varies strongly with distance from the target. In general, organs closer to the target
have a lower statistical error. For example, the relative error (one standard deviation) for the
thymus dose is about 4% for the 9-month-old phantom while the relative error for the lung and
liver dose is about 2–3%. The error for the stomach dose is on the other hand around 7–8%.
Organs further from the target have significantly higher uncertainties, e.g. 35% for bladder.
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Doses as a function of field parameters
Figure 5 shows the organ equivalent dose in the 4-year-old phantom for the eight fields as a
function of organ index. For example, the 4-year-old phantom will receive about 1.3 mSv/Gy
in the lungs for the low-range fields (fields 1–3) and about 2.7 mSv/Gy for the high-range fields
(fields 4–6). The corresponding values for the kidneys would be about 0.2 mSv/Gy and 0.5
mSv/Gy. Thus, for bigger treatment volumes that are deeper in the patient, significantly higher
neutron doses are observed. The reason is twofold. First, to reach deeper targets in the body
(larger range), higher proton beam energies are needed. Second, to treat a larger volume (larger
modulation width), higher proton fluence is needed in order to cover the entire target with the
prescribed dose.

The increase in range/modulation width from 10cm/5cm to 15cm/10cm causes an increase in
total dose to the thymus by a factor of 2. In addition to range and modulation width, the aperture
opening influences the equivalent neutron dose. For typical treatment fields, external neutrons
will dominate the neutron yield. The internal neutron dose scales roughly with the treatment
volume. In contrast, for the external neutrons, there is an additional component with a
decreasing neutron yield with increasing field size due to the blocking aperture. The
contribution of external and internal neutrons to the total organ equivalent dose is illustrated
in Figure 6 on the example of the thymus, which shows the internal dose as a function of field
number for all phantoms. The dose increases with field size and modulation width. The trend
is stronger for the younger phantoms. Irrespective of the phantom age, the field size has a
marked effect on the internal dose, which, for example, increases by a factor 8 from field 1 to
field 3 for the 9-month-old phantom. The field size dependence of the external neutron
equivalent dose is not as pronounced as for the internal neutron equivalent dose, neither in
absolute values, nor in its age dependence, as shown in Figure 7. The overall effect of the
relative external/internal neutron contributions to the total dose and their respective field size
dependences basically follows the same trend as the external dose with a slight moderation
caused by the internal component (in particular for the younger phantoms (9-month, 4-year
and 8-year)) as illustrated in Figure 8.

Figure 9 shows the total organ equivalent dose and the internal component for the three low-
range fields in the case of the 8-year-old phantom. For the 3-cm diameter field, almost all the
dose is due to external neutrons (Figure 9 (a)). The internal neutron contribution is no longer
negligible when the field diameter increases to 6 cm, but it only accounts for less than 20% of
the total dose (Figure 9 (b)). In the case of the 9-cm field, the contribution of internal neutrons
is significant for the organs close to the target, approximately to the level of the pharynx (Figure
9 (c)). For example, the internal dose to the eyes is 15% of the total for field 2 (6-cm diameter)
but 40% of the total for field 3 (9-cm diameter).

Figure 10 interprets the neutron contributions from the treatment head and the patient averaged
over all organs. While for a small field the contribution of neutrons from the treatment head
can be more than 99%, it can be as low as ∼60% for a large volume being treated, i.e. a large
aperture opening, for the fields considered in this study. There is a considerable dependency
on patient’s age.

Younger patients will experience higher contributions from the treatment head because a larger
part of the body will be exposed to these neutrons.

Doses as a function of distance to the target
In the literature, neutron doses are typically not analyzed in an organ specific manner, but are
reported as a function of distance to the field edge (with the exception of Agosteo et al
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(1998) and Jiang et al (2005)). This is because measurements (and simulations done to compare
with these) can be done only when using a well-defined geometry.

The neutron organ equivalent doses decrease rapidly with increasing distance from the
treatment volume. For example, in the 4 year old phantom, the neutron equivalent dose has an
average value around 4 mSv/Gy in the lenses and falls to values of the order 10−4 or less mSv/
Gy in the lower extremities. Similar trends are seen in the distance dependence of the organ
equivalent dose in the other phantoms as well. For instance, the lung dose of the 14-year-old
phantom is about 0.3–0.8 mSv/Gy, depending on field parameters, whereas the kidney dose is
in the interval 0.05–0.15 mSv/Gy. The lung and kidney doses for the adult phantom are in the
intervals 0.2–0.5 mSv/Gy and 0.02–0.05, respectively.

Figure 11 shows, for the adult phantom, the equivalent neutron dose as a function of distance
to the center of the brain (for the mean position of the organ volume). The dependency on
distance to the target is more pronounced for the external contribution because the lower
extremities are displaced from the treatment head. Note the larger variation for the internal
contribution and the overall much higher contribution from the treatment head when compared
with the neutron doses generated through interactions within the patient itself.

Figure 12 shows the results from two recent measurements of neutron equivalent doses as a
function of distance to the target done at two proton therapy facilities (Mesoloras et al 2006,
Wroe et al 2007). The data calculated in this work are in perfect agreement with the measured
values reported by Wroe et al (2007). In fact, recent measurements (to be published) at
Massachusetts General Hospital for various field specifications show neutron doses that are
comparable with these data. Although this might serve as additional benchmark of our
simulations, comparison of such data is difficult because of the many experimental parameters
affecting the equivalent neutron dose (e.g., beam energy, field specifications). Previously, other
experimental data (Yan et al 2002) have been chosen as an example for neutron equivalent
doses in proton therapy (Hall 2006). These data however, do show a very extreme and clinically
extremely unlikely (if not impossible for some facilities) beam configuration (Gottschalk
2006, Paganetti et al 2006).

Also shown in Figure 12 are the scattered photon doses to be expected from a 10cm × 10cm
IMRT field (Klein et al 2006). Remarkably, it appears that for the fields considered in our
study, the dose lateral to the target is lower than the scattered dose one would expect for an
IMRT treatment. There is a considerable variation of the lateral dose as a function of field
parameters (Figure 12, lower). The smaller the field (aperture opening) and the larger the treated
volume, the higher the neutron dose is going to be. Thus, one can expect significant variations
among different patient fields (in our case up to a factor of ∼3).

Doses as a function of patient (phantom) age
The dependence of organ equivalent dose on the distance from the radiation field implies a
dependence of organ dose on patient age. Organs further to the target would receive a dose that
decreases with age faster than the dose to organs closer to the target. Thus, neutron equivalent
doses for organs at larger distances from the target will depend more on the patient’s age.
Organs very close to the target should receive approximately the same dose irrespective of
patient age since the distance to the target remains practically unchanged. The overall increase
in organ dose as a function of patient’s age is illustrated in Figure 13 where the average
equivalent dose to some major organs (esophagus, thymus, lungs, heart, liver, stomach wall,
spleen, gall bladder, adrenal, pancreas, kidneys, and small intestine) is shown.

Figure 14 shows the total equivalent dose averaged over all fields as a function of phantom
age for 15 organs: lenses, thyroid, thymus, lungs, esophagus, heart, liver, stomach, spleen, gall
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bladder, adrenals, pancreas, kidneys, small intestine and bladder. It is evident that the doses
vary more significantly with patient age for organs further away from the target. For example,
with decreasing age, the equivalent dose to the small intestine and the kidneys increases by a
factor of 15 and 13, respectively. On the other hand, for the lenses that factor would only be
1.7. This is mainly due to the increasing height of patients with increasing age. However, other
factors also play a role. These are the material composition and the change in material
composition of the organ as a function of age, which influences the energy deposition, as well
as the size of the organs changing with patient’s age. To further illustrate the factors by how
much the doses increases with decreasing age, the dose to the five pediatric phantoms relative
to the VIP dose is shown in Figure 15 for thyroid, lungs, liver and bladder.

4. Summary and Conclusion
In summary, we have shown quantitatively how organ specific neutron equivalent doses for
adult and pediatric patients vary as a function of patient age, organ, and field parameters. One
can expect significant variations among different patient fields. Larger treatment volumes that
are deeper in the patient cause significantly higher neutron equivalent doses. The reason is
twofold. First, to reach deeper targets in the body (larger range), higher proton beam energies
are needed. Second, to treat a larger volume (larger modulation width), higher proton fluence
is needed in order to cover the entire target with the prescribed dose. However, for the same
range and modulation width, neutron equivalent doses tend to decrease with increasing field
size because of the significant decrease of the treatment head contribution when the field size
gets large (less blocking aperture material).

While for a small field the contribution of neutrons from the treatment head can be more than
99%, it can be as low as ∼60% for a large volume being treated (i.e., a large aperture opening)
for the fields considered in this study.

Neutron equivalent doses decrease rapidly with increasing distance from the treatment volume.
For a patient under treatment, the dependency on distance from the target is more pronounced
for the external contribution because the lower extremities are displaced from the treatment
head. When comparing the data with scatter doses in IMRT, it appears that for all fields
considered in this study, the dose lateral to the target is lower than the scattered dose one would
expect for an IMRT treatment. Nevertheless, there could be treatment fields or beam delivery
systems where the equivalent neutron doses are higher than scattered dose in IMRT. There is
no representative curve generally valid for proton therapy. The amount of neutrons (and their
energy) produced in the treatment head of a proton therapy machine for broad-beam modulation
depends on several factors, such as the characteristics of the beam entering the treatment head,
the material in the double scattering system and the modulator wheel, and the field size
upstream of the final patient specific aperture. Neutron doses are highly facility dependent
because of differences in position and design of devices in the treatment head. Even for the
same facility there are huge variations from field to field because the treatment head geometry
and the beam characteristics in passive scattered proton therapy are patient field specific.

Most importantly, our study shows that neutron doses to specific organs depend considerably
on patient age/size. The younger and smaller the patient, the higher the dose deposited via
neutrons. Obviously, even if neutron doses would be considered negligible for adult patients,
the strong age dependency certainly warrants attention when treating pediatric patients. The
difference in organ specific equivalent dose can be around a factor of 30 for some organs when
comparing adults and very small children. Given the fact that the cancer risk also increases
with decreasing patient age (BEIR 2006), extra attention must be paid to the treatment of
pediatric patients. Because scanned proton facilities minimize the external component, proton
beam scanning is advantageous in minimizing any secondary neutron exposures to patients.

Jarlskog et al. Page 11

Phys Med Biol. Author manuscript; available in PMC 2009 May 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



One has to keep in mind also that patients are exposed to increasing doses from imaging studies
because of sophisticated patient setup (e.g., on-board imaging) or adaptive planning strategies.
Table 8 shows how the neutron equivalent doses calculated in this study for a 70 Gy treatment
relate to exposures due to imaging of pediatric patients. The neutron equivalent dose to some
organs when treating a pediatric patient for a brain tumor could be equivalent to ∼30 additional
chest CT-scans. For organs further away from the target the factor is smaller. Most risk models
account for dose rate effects by introducing scaling factors. The BEIR committee (BEIR
2006) recommends the use of a correction factor (DDREF, dose and dose rate effect factor) of
1.5 to take into account fractionation when using dosimetric data for risk analysis for solid
tumors and linear dose response relationships. We decided not to scale the therapeutic neutron
equivalent doses using a DDREF factor because of a possible reverse dose rate effect with
high-LET neutrons (Kocher et al 2005).

One important source of uncertainty when estimating equivalent doses is the assignment of
quality factors. Although our simulations are based on the (supposedly conservative) ICRP
recommendations in terms of neutron quality factor distribution, one has to be aware that the
ICRP quality factors may not be very accurate for extremely low doses where huge
uncertainties exist (Kellerer 2000). Energy averaged neutron quality factors in the human body
based on the ICRP curve are typically between 2 and 11 (Yan et al 2002, Jiang et al 2005,
Wroe et al 2007). The BEIR report (BEIR 2006) recommends a neutron quality factor of 10
independent of neutron energy (although it is acknowledged that this might be too low when
low doses are involved). Dennis (Dennis 1987) has summarized experimental neutron RBE
data and found maximum values (low dose) between 6.44 and 71 in vivo. Similarly, the NCRP
has shown elevated neutron quality factors for fission neutrons considering several radiation
endpoints (NCRP 1990). The latter could be somewhat misleading since fission neutrons are
in the 1–2 MeV energy range where neutron quality factors are expected to be at their maximum
(Figure 3). Nevertheless, one can argue that the ICRP recommendation (which was used in this
work) does not represent a conservative quality factor assignment for low dose risk
assessments. Taking into account a more conservative neutron RBE would certainly increase
the neutron equivalent doses simulated here. Further research on low-dose RBE for neutron
radiation is needed to answer this question.
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Figure 1.
Left: UF series A of pediatric phantoms (exterior, skeletal system, internal organ structure).
Image columns correspond to the 9-month male, the 4-year female, the 8-year female, the 11-
year male, and the 14-year male, respectively. (Lee et al 2005) Right: UF Series B of pediatric
phantoms (9-month male, 4-year female, 8-year female, 11-year male and 14-year male, from
left to right). (Lee et al 2006b)
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Figure 2.
Plans and target delineations for the fields of (a) patient 1 and (b) patient 2. The target volumes
are shown by the red and yellow contour, respectively.

Jarlskog et al. Page 17

Phys Med Biol. Author manuscript; available in PMC 2009 May 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
ICRP definitions for the neutron radiation factor (ICRP 2003b).
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Figure 4.
Neutron energy distributions at the patient’s tongue (for the 14 year old phantom and field 5
as an example) from external neutrons (solid line) and internal neutrons (dashed line). The two
curves are normalized to the same yield.
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Figure 5.
Organ equivalent dose as a function of organ index for the 4-year-old phantom. (a) Fields 1
(circles), 2 (squares) and 3 (triangles). (b) Fields 4 (circles), 5 (squares) and 6 (triangles). (c)
Fields 7(circles) and 8 (squares). The average doses over all fields are given by the histogram.
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Figure 6.
Internal neutron equivalent dose for the thymus. Upper: 9-month old (circles), 4-year old
(squares), 8-year old (triangles); Lower: 11-year old (circles), 14-year old (squares), adult
(triangles).
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Figure 7.
External neutron equivalent dose for the thymus. Upper: 9-month old (circles), 4-year old
(squares), 8-year old (triangles); Lower: 11-year old (circles), 14-year old (squares), adult
(triangles).
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Figure 8.
Total equivalent dose for the thymus. Upper: 9-month old (circles), 4-year old (squares), 8-
year old (triangles); Lower: 11-year old (circles), 14-year old (squares), adult (triangles).
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Figure 9.
Total equivalent dose (dashed histograms) and internal neutron equivalent dose (solid
histograms) for the 8-year-old phantom and (a) field 1, (b) field 2 and (c) field 3.
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Figure 10.
Upper: Ratio of equivalent doses from internal versus external neutrons as a function of aperture
opening in percent of the total field area for all fields and phantoms. Lower: Ratio as a function
of phantom age for all fields and phantoms (diamonds: 3 fields with large aperture opening;
squares: 3 fields with medium aperture opening; circles: 2 fields with small aperture opening).
The data were averaged over all organs with a contribution of more than 10−5 mSv/Gy from
either external or internal neutrons.
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Figure 11.
Organ equivalent dose as a function of distance to organs segmented in the adult phantom for
all 8 fields. The distance in cm is based on the distance between the center of the brain and the
approximate center position of the organ. Upper: Internal contribution only; middle: external
contribution only; lower: total equivalent dose.
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Figure 12.
(a, upper figure): Organ equivalent doses for the adult phantom for all 8 fields (open circles).
The dashed line is a power law fit (366.2×distance−1.861). The distance in cm refers to the
distance between the edge of the field and the approximate mean position of the organ. The
solid lines show doses as a function of distance from the field edge measured at different proton
facilities at different beam configurations (closed squares (Wroe et al 2007); closed circles
(Mesoloras et al 2006)). The closed triangles show the scattered photon dose to be expected
from IMRT treatment using a 10cm × 10cm field (Klein et al 2006). The solid lines were drawn
to connect the data points. (b, lower figure): The dashed line is the same as in (a). The two
dotted lines represent a fit of the data from the two small aperture fields (fields 1 and 4; upper
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curve) and of the data from the three large aperture fields (fields 3, 6 and 7; lower curve). The
two solid lines represent a fit of the data from the three large treatment volumes (fields 1, 2
and 3; upper curve) and of the data from the three small treatment volumes (fields 4, 5 and 6;
lower curve).
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Figure 13.
Organ equivalent dose averaged over all 8 fields and averaged over esophagus, thymus, lungs,
heart, liver, stomach wall, spleen, gall bladder, adrenal, pancreas, kidneys, and small intestine
as a function of phantom age (except for the 9-month old) to illustrate the age dependency of
secondary doses.
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Figure 14.
Organ equivalent dose as a function of phantom age averaged over all fields. (a): lenses (closed
circles), thyroid (open squares), thymus (closed triangles) and lungs (open diamonds); (b):
esophagus (closed circles), heart (open squares), liver (closed triangles) and stomach (open
diamonds) (c): spleen (closed circles), gall bladder (open squares), adrenals (closed triangles)
and pancreas (open diamonds) (d): kidneys (closed circles), small intestine (open squares), and
bladder (closed triangles).
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Figure 15.
Organ equivalent dose averaged over all fields and normalized to the adult dose for the five
pediatric phantoms: bladder (open diamonds), liver (closed triangles), lungs (open squares)
and thyroid (closed circles).
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Table 5
Organ indices for the VIP phantom.

organ index organ/tissue organ index organ/tissue

1 eyes 13 pancreas

2 thyroid 14 kidneys

3 thymus 15 upper large intestine

4 male breasts 16 small intestine

5 lungs 17 lower large intestine

6 esophagus 18 bladder

7 heart 19 prostate

8 liver 20 rectum

9 stomach wall 21 testes

10 spleen 22 mandible

11 gall bladder 23 spine

12 adrenal
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Table 6
Dose averaged organs and their components.

UF phantoms VIP phantom

Organ organ components organ organ components

eyes lenses eyes lenses

eyes without lens eyes without lens

lungs left lung esophagus esophagus mucous

right lung esophagus wall

heart heart stomach stomach wall

heart content stomach mucous

adrenals left adrenal

right adrenal

kidneys left kidney cortex

right kidney cortex

left pelvis kidney

right pelvis kidney

left medullar

right medullar

colon wall right colon wall

left colon wall
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