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Introduction

Radiation protection regulations prohibit caretakers from
remaining near patients or occupying the treatment room
during radiotherapy. The International Commission for radi-
ation protection (ICRP) [1] recommends a limited of effective
doses of 20 mSv per year over a period of 5years for radi-
ation working personnel, and yearly 1 mSv set for the public.
During conventional photon-based radiotherapy, studies
have demonstrated exposure levels above the recommended
limits [2-5]. Furthermore, ambient dose equivalent H*(10),
which is a conservative estimate of effective dose using neu-
tron fluence measurements in air, has been examined for
passively scattered protons and has shown effective dose
exposure per treatment Gy in the room to exceed the annual
recommendations in the majority of the situations [6-8].
New treatment modalities such as pencil beam scanning
(PBS) proton therapy (PT) may open new possibilities due to
reduced radiation exposure in the treatment room [9].

During passively scattered PT the main contributor for
producing neutrons is the treatment head, which generates
60-99% of the neutrons reaching the patient [10]. However,
during PBS, the proton energy is primarily moderated near
the cyclotron, i.e. further away from the patient and treat-
ment room [11]. Subsequently, the beam traverses consider-
ably less modifying components in the gantry and primarily
interacts through monitor chambers having limited produc-
tion of secondary particles [12]. In the treatment room, neu-
trons are therefore mainly produced within the patient
during PBS. Through the commissioning of recent PBS facili-
ties, including standardized irradiation of a water tank,
H*(10) in the treatment room at 1-2.25m at different angles
has been measured to be well below the 1 mSv dose limit
set by the ICRP [13-16]. Mares et al. [9] investigated H*(10)
for an intracranial tumor with pediatric anthropomorphic
phantoms of relevant age groups where all measurements in
the treatment room fell below 1 mSv.

In-room dose exposure during delivery of modern PBS
had decreased significantly compared to aged modalities
such as passively scattered PT, with a lower expected dose

burden to a person present either intentionally or uninten-
tionally [9]. Whereas the previous studies have presented
H*(10) surrounding proton treatment gantries, we have
simulated the complete equivalent dose exposure to a tenta-
tive parent supporting a patient at different locations in the
treatment room during realistic PBS treatment scenarios.

Materials and methods
Pediatric treatment plans

Two treatment plans were generated and optimized in the
Eclipse (Varian Medical Systems, Palo Alto, California, US, arti-
ficial ProBeam360 data) one craniospinal irradiated (CSI,
1444 cc) patient and one patient with a low-grade glioma
(brain tumor, 44cc). The CSI patient was chosen for the
extended treatment volumes, resulting in multiple required
proton fields as well as the inclusion of a range shifter which
both are known to influence the ambient dose [9,17]. The
CSI patient plan included two lateral fields to the brain and
three posterior fields to the spine, all with range shifters. The
prescribed dose was 23.4Gy (RBE) to the spinal cord and
brain, with a maximum and minimum energy of 182 MeV
and 87 MeV. The brain tumor patient was prescribed a dose
of 54Gy (RBE) with two lateral fields a maximum energy of
122MeV and a minimum of 70MeV. Both patients were
12 years old full-body-CT.

Treatment room implementation

Throughout this study, the FLUKA Monte Carlo (MC) code
[18-20] was utilized for the recalculation of treatment plans
optimized in the treatment planning system. A model of the
PT treatment room under construction at Haukeland
University Hospital (HUH) in Bergen, Norway was imple-
mented in FLUKA. The components of the gantry influencing
the in-room ambient neutron effective dose were included,
as presented by Englbrecht et al. [21] in their examination of
stray neutrons in a ProBeam treatment room. The parts of
the gantry included were two coinciding cylinders, a gantry

CONTACT Johannes Tjelta @ Johannes.tjelta@uib.no @ Department of Oncology and Medical Physics, Haukeland University Hospital, Bergen, Norway;

Department of Physics and Technology, University of Bergen, Bergen, Norway
© 2023 Acta Oncologica Foundation


http://crossmark.crossref.org/dialog/?doi=10.1080/0284186X.2023.2254924&domain=pdf&date_stamp=2023-11-03
http://orcid.org/0000-0002-6457-3954
http://orcid.org/0000-0001-6352-4571
https://doi.org/10.1080/0284186X.2023.2254924
http://www.tandfonline.com

1532 J. TJELTA ET AL.

cone, and an iron floor (Figure 1). As the ProBeam 360° does
not have a counterweight this was not included. The treat-
ment room was included according to drawings with walls,
floor, and ceiling of concrete.

Monte Carlo simulation

The FLUKA MC code was used with its graphical user interface
FLAIR [22] with the implemented DICOM module, enabling the
use of CT images through conversion to a so-called voxel file
with density and materials based on the CT Hounsfield Units.
For the CSI patient, range shifters with a water equivalent
thickness of 57 mm (5cm PMMA) were also implemented in
the simulations. One voxel file is simulated at a time, therefore
the simulation was performed in two steps: During the first
step, we simulated the treatment plan delivery for the patient
and collected the phase space for protons, neutrons, and pho-
tons in the plane between the gantry side and parent side
(Figure 1) of the treatment room for 10° primary protons per
field. The phase space file contained the position, direction,
energy, and type of particle. The phase space file was further
used as a source for the second part of the simulation, where
the parent was included at different positions in the treatment
room, including a distance of 1 m from the isocenter (position
1, Figure 1), positioned at an angle of 45° 3 m from the isocen-
ter (position 2) and lastly at 3m from the isocenter (position
3). The three positions were chosen due to similar experimen-
tal with a difference in ambient dose equivalent [13,14,16]. For
each position of the parent, each treatment field phase space

data was used as a radiation source in the secondary simula-
tion. Organs typically used for radiation-induced cancer risk
calculations [23,24] were delineated for the parent, a grown
male whole-body CT extracted from the cancer imaging arch-
ive [25]. We calculated absorbed and equivalent doses includ-
ing all particles, where neutrons were weighted with the ICRP
103 model [1].

Results

Total particle fluence was reduced by a factor of 100 when
exiting the patient and was reduced even further at the
respective parent positions (Figure 1). Both photon patient
spectra were similar, although the spectrum for the brain
tumor patient had a slightly greater number of lower energy
photons compared to the CSI patient (Figure 2). Both neu-
tron spectra had an increase in neutron count for energies
above 0.01 MeV and below 1eV.

In both treatment scenarios, the mean body dose to the
parent for the whole treatment was well below 1 mSv in all
the considered positions. The CSI parent received 9.6 uSv,
48 uSv, and 2 uSv in positions 1, 2, and 3, respectively.
During the simulated treatment of the brain tumor patient,
the total parent mean body dose was 5.8 uSv, 1.8 uSv, and
1.2 pSv for the same positions. In both treatment scenarios,
the parent was exposed to organ doses below 1 uSv/Gy. The
difference between the patient plans was more prominent
when investigating dose per treatment Gy, where the CSI
parent received a dose of 0.4 uSV/Gy, 0.2 uSV/Gy and 0.09
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Figure 1. Particle fluence for all particles in the range 0.01 to 100% (normalized to maximum fluence in the tumor) for the CSI patient in the treatment room. The
pediatric patient is situated in the gantry and the three positions for the parent in the treatment room are indicated (1: 1m, 2: 3m and 45, 3: 3m). The black line

separating the patient and parent is the section sampling the phase space.
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Figure 2. Neutron spectra (upper panel) and photon spectra (lower panel) for the brain tumor patient (blue lines) and CSI patient (orange lines). the spectra are
calculated from the phase space energies collected during the simulations. All spectra are normalized such that the area under the curve equals to 1.
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Figure 3. Organ mean equivalent dose received per treatment Gy for different organs and the whole-body of the CSI parent (upper panel) and brain tumor parent
(lower panel). the upper panel is dose received for the CSI patient and the lower panel is for the brain tumor. In position 1 the parent is located 1 m from the iso-
center (black circles), in position 2 at 45grader 3 m from the iso-center (red crosses) and in position 3 at a 3 m distance from the iso-center (blue squares).

uSV/Gy for positions 1, 2 and 3, whereas the brain tumor
parent received 0.1 pSV/Gy, 0.04 pSV/Gy and 0.02 uSV/Gy
(Figure 3). The most pronounced differences across organ
doses were observed for the parent at position 1 for the CSI
plan where the colon received a dose of 0.5 pSv/Gy. Organ

dose differences for the brain tumor parent were negligible.
When moving the parent from position 1 to 3 the dose
decreased by a factor 4 (0.4 pSv/Gy to 0.1 uSv/Gy) for the
CSI scenario and by a factor 5 (0.1 puSv/Gy to 0.02 pSv/Gy)
for the brain tumor.
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Discussion

The motivation behind this study was to examine the radi-
ation exposure to a parent or caretaker present in a treat-
ment room and to open a discussion related to reassessment
of current radioprotection restrictions. The potential of hav-
ing a parent present in the room during one or more of the
treatment fractions could be comforting to a pediatric
patient, and could potentially be a factor in reducing the use
of anesthesia. For the two patient cases and parent positions
examined, all doses for the whole treatment were below the
recommended exposure limit of 1T mSv.

The patient case and parent position were found to influ-
ence the dose exposure, although other factors may also
modify the exposure. Several groups have shown the contri-
bution from secondary particles, mostly neutrons using ambi-
ent dose equivalent values (H*(10)). With a similar setup in
the distance (1 m) and angle using bonner spheres, Trinkl
et al. [16] measured a H*(10) of 0.2-5.2 uSv/Gy (neutrons)
depending on the beam energy, Lillhok et al. [14] using
TEPC detectors measured a total dose exposure (neutrons
and photons) of 10 puSv/Gy. The two aforementioned studies
used a water tank, Mares et al. [9] however, used an
anthropomorphic phantom, with similar results to ours.
Measurements of effective neutron dose parallel to the beam
have been linked to an increased H*(10) per treatment
Gyl[10,16,26]. Even though the parent in our scenario for
positions 2 and 3 had the same distance (3 m) to the isocen-
ter, a total mean dose difference of 1-2 uSv was observed,
depending on the patient case, presumably related to the
angle relative to the proton beam. In addition, Trinkl et al.
[16] showed as the proton beam increases from 140 MeV to
200 MeV the H*(10) increases significantly for all positions.
The energies in our treatment plans did not exceed 179 MeV.
In all, the energy, angle, tumor size, total dose delivered,
patient size, inclusion of range shifters, and delivery method
will all influence the dose exposure of the parent. To make a
precise estimate for each treatment scenario, it would there-
fore be relevant to include both the specific treatment plan
and accurate parent position. In addition, risk models from
low-dose exposure, e.g., the BEIR VII report [23], could pro-
vide age- and gender-specific risk estimates. Notably, a
grandparent would, for instance, have a lower risk compared
to a parent, due to reduced risk with increasing age at
exposure example as a LAR of 0.1% and 0.01% for a parent
and grandparent receiving 1 mSv at age 45 and 70, further-
more a 0.01% difference in LAR between male and female
with equal dose and age 45. In the dose modeling, we did
not include activation of components, though it would con-
tribute to the overall dose, it might be negligible compared
to the equivalent dose a parent would receive directly [27-
29]. Another contributor to dose exposure is adaptive plan-
ning with cone beam CT, which has been measured to be
~107 pSv 1 m from the iso center for a 5.1 mGy scan [30].

As no measurements have been obtained due to a con-
struction treatment room, what components to include was
determined by comparing to work done by Englbrecht et al.
[21] Both neutrons spectra had an increase in amount for
the low and high energy neutrons, similar to measurements

[16,27] but an increase in intermediate neurons. The impact
of neutrons and their weighting factors is a topic under dis-
cussion within radioprotection, where their maximum relative
biological effectiveness (RBEy) has been measured within
ranges from 1 to 100 RBEy[30,31]. The impact of the applied
model for neutrons will thereby considerably affect the
equivalent dose and subsequent radiation-induced cancer
risk calculations. There are four strategies proposed in the lit-
erature, including the model from ICRP report 103[1], a lineal
energy model by Baiocco et al. [32], a modified ICRP 60
model by Kellerer et al. [33], and an early model by United
States Nuclear Regulatory Commission [34]. The latter two
are older models and do not consider neutrons to be as bio-
logically effective as the former two. Nevertheless, since neu-
trons and their biological effect are uncertain, the selected
model could impact the result of dose calculations and risk
for radiation-induced risk estimates.

Conclusion

Due to radioprotection regulations set in the past, caretakers
are prohibited in the treatment room during beam-on time.
Updated treatment modalities and delivery techniques, such
as PBS, have reduced the exposure in the treatment room
considerably. Current results indicate that the risks are low
for a person occupying the treatment room intended or
unintended during ongoing treatment. The presented results
from common childhood cancer treatments, show that the
exposure of a person is well below recommended limits and
thereby encourage further studies of risks related to parents
being present during treatment.
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