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Abstract
The facilities now available on linear accelerators for external beam radiotherapy enable radiation
fields to be conformed to the shapes of tumours with a high level of precision. However, in order
for the treatment delivered to take advantage of this, the patient must be positioned on the couch
with the same degree of accuracy. Kilovoltage cone beam computed tomography systems are now
incorporated into radiotherapy linear accelerators to allow imaging to be performed at the time of
treatment, and image-guided radiation therapy is now standard in most radiotherapy departments
throughout the world. However, because doses from imaging are much lower than therapy doses,
less effort has been put into optimising radiological protection of imaging protocols. Standard
imaging protocols supplied by the equipment vendor are often used with little adaptation to the
stature of individual patients, and exposure factors and field sizes are frequently larger than
necessary. In this study, the impact of using standard protocols for imaging anatomical phantoms
of varying size from a library of 193 adult phantoms has been evaluated. Monte Carlo simulations
were used to calculate doses for organs and tissues for each phantom, and results combined in
terms of size-specific effective dose (SED). Values of SED from pelvic scans ranged from 11 mSv to
22 mSv for male phantoms and 8 mSv to 18 mSv for female phantoms, and for chest scans from
3.8 mSv to 7.6 mSv for male phantoms and 4.6 mSv to 9.5 mSv for female phantoms. Analysis of
the results showed that if the same exposure parameters and field sizes are used, a person who is
5 cm shorter will receive a size SED that is 3%–10% greater, while a person who is 10 kg lighter will
receive a dose that is 10%–14% greater compared with the average size.

1. Introduction

1.1. Image-guided radiation therapy
External beam radiation therapy aims to give a radiation dose to the tumour that is high enough to kill all
cancer cells while keeping doses to normal healthy tissues low enough to minimise the risk of serious health
consequences. In current linear accelerators (linacs) used for treatments, the radiation beams are conformed
to the shape of the tumour using multi-leaf collimators (MLCs) with individually adjustable tungsten alloy
leaves. Beams are delivered from multiple directions with new techniques that enable dose distributions to be
conformed effectively to the tumour volume. These techniques include intensity-modulated radiation
therapy, which involves adjusting the MLC leaves while x-rays are being produced, volumetric-modulated arc
therapy, in which the treatment head is moved in arcs around the patient while the beam shape and dose are
changed automatically [1–3], and stereotactic body radiotherapy, in which higher doses and smaller
treatment beams are directed from many different angles [4, 5].

Three-dimensional computed tomography (CT) images of a patient form the basis of the plan for the
treatment that will be prepared by a dedicated computer planning system. The position of the tumour is
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identified with respect to anatomical or other landmarks on the patient, but the treatment will only be
effective if the radiation can be delivered with a high degree of accuracy. In order to take full advantage of all
the improvements offered by the new techniques, patients must be positioned consistently to the nearest
millimetre, and even sub-millimetre levels. This is almost impossible without carrying out additional
imaging at the time of treatment delivery to confirm that the tumour target is positioned accurately with
respect to the treatment beams. Imaging is often performed at the start of each fraction and comparisons
made with the treatment plan and planning images. Without this, errors in patient positioning with respect
to the treatment plan would be replicated throughout the treatment process, and these, together with any
random errors in positioning of patients at each fraction, could compromise success of the treatment.

The process of repeating imaging through the course of a treatment is referred to as image-guided
radiation therapy (IGRT) [6–8]. Modern linacs incorporate kilovoltage (kV) imaging systems with flat panel
detectors that can be used either to take planar radiographs or, by rotating the x-ray tube and detector
around the patient, cone beam CT (CBCT) scans [9]. Radiotherapy linacs with kV CBCT imaging are now
widely used throughout the world and are purchased routinely when older treatment machines are replaced.
The improvements in accuracy of localisation achieved through performance of IGRT at the time of
treatment allow higher doses to be given to the tumour without increasing doses to surrounding tissues.
However, successful delivery of radiation treatment requires planning images with the tumour position
identified with respect to anatomical references or fiducial markers, which must be located within the field
being imaged during the course of treatment. Therefore, the imaging field is generally considerably larger
than the high-dose treatment field.

1.2. Practices in the use of imaging during radiotherapy treatment
A survey was carried out recently in radiotherapy centres in a selection of countries from around the world
through the International Commission on Radiological Protection (ICRP) mentee programme to assess
imaging practices in radiotherapy; the methods are described in Martin et al [10]. The survey indicated that
almost all centres used CBCT and that it was the most important imaging tool used during the treatment
cycle. The ICRP survey sought information on the use of imaging during radiotherapy and included
questions about the use of CBCT protocols supplied by the equipment vendor and the amount of
optimisation undertaken for individual patients. The imaging modality applied most widely was kV CBCT,
being used by all the radiotherapy centres in six of the nine countries surveyed and by 90% in two others.
One country, which had the lowest value for the human development index, only had two centres with kV
imaging capability and vendor protocols were used without adaptation in both; these data have not been
included in the bar chart analysis. Among the centres that used CBCT, between 50% and 100% used standard
imaging protocols supplied by the vendor and numbers of centres adapting protocols for individual patients
through adjusting the exposure factors were in the minority (figure 1).

The use of standard exposure settings and field sizes for CBCT scans on most patients can result in more
organs being exposed in smaller patients with higher doses. Only about half of the centres adjusted field sizes
for planar kV imaging or adjusted the jaw blade settings determining the length of the body scanned in
CBCT (figure 2). Since few radiotherapy centres recorded any dose information relating to imaging
exposures, it is not possible to draw conclusions about patient dose levels at this stage. The present study
using Monte Carlo simulations is being undertaken to give an indication of the dose savings that might be
achieved through adjustment of exposure factors and field sizes for patient stature.

1.3. Potential doses from imaging
The doses from imaging are much smaller than those from treatment, and so they have been considered to be
of little concern and less effort has been put into their reduction than in diagnostic x-ray imaging. However,
ionising radiation is known to cause cancer [11, 12] and studies have suggested that doses delivered from CT
scans for medical imaging are associated with a raised risk of cancer [13]. The recent changes in patterns of
imaging have the potential to give much higher doses to patients. Measurements on phantoms with kV
CBCT imaging systems show doses to individual organs can be tens of milligray [14, 15]. If CBCT scans are
performed during up to 30 fractions of an external beam treatment, doses can no longer be considered
insignificant. This exposure is important to consider, since the imaging performed includes normal tissues
surrounding the tumour, so contributing to risks of second cancers in adjacent organs and tissues [16–18].
Moreover, cancer patients may potentially have a higher genetic risk of tumour induction. Doses to tissues
from repetitive imaging procedures over 1 Gy have been reported for some patients [19], and these patients
may also have received more imaging procedures prior to treatment during investigation of their disease.
Therefore, improvements in the accuracy with which boundaries of the tumour target, sparing normal
tissues from exposure within the treatment beam, must be balanced against the additional radiation doses
from imaging.
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Figure 1. Bar charts showing the proportions of radiotherapy centres using vendor protocols for kV CBCT imaging and adapting
CBCT protocols for individual patients in a recent survey of practices in a selection of countries [10].

Figure 2. Bar charts showing the percentage of radiotherapy centres in different countries that adjust the field size for kV IGRT
planar and kV CBCT imaging in a recent survey of imaging practices [10].

In diagnostic radiology procedures, exposure factors and settings are adjusted for individual patients, but
this is often not the case in radiotherapy. Many centres use protocols provided by equipment vendors
without any adjustment, and training of radiotherapy staff may not include techniques for optimisation of
the imaging dose [20–22]. Limiting the size of the field being imaged will reduce the volume of tissue
exposed and may allow irradiation of some sensitive organs to be avoided altogether [23]. The present study
uses Monte Carlo simulations of anatomical phantoms of varying size, for which values of the size-specific
effective dose (SED) are derived [24]. These are used to investigate the magnitudes of dose variations when
standard exposure settings and beam widths are used for imaging phantoms of varying stature. From this,
the dose savings that could be achieved through optimisation of radiological protection are evaluated.
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2. Methods

There are two major vendors of linacs fitted with kV imaging systems; Varian and Elekta, and this study
concentrates on the Varian system. In order to investigate the magnitudes of higher dose levels that might
result from using standard CBCT protocols for individual patients, CBCT exposures were simulated on
anatomical phantoms of varying size using the BEAMnrc/EGSnrc Monte Carlo code developed to represent
the kV imaging system on a Varian Truebeam linear accelerator [25–27]. Imaging procedures for the chest
and pelvis were simulated, using the half-fan mode with 360◦ rotation, 120 kV and a range of widths for the
cone beam from 18 cm to 26 cm. Organ, tissue and SEDs have been calculated per 100 mAs [28, 29].
However, values used for scans based on clinical protocols are 270 mAs for the chest and over 1080 mAs for
the pelvis [28].

Organ and tissue doses were evaluated using the DOSXYZnrc/EGSnrc code [30, 31] on a library of
computational human phantoms known as PHANTOMS, which has been developed by the National Cancer
Institute of the National Institutes of Health in the United States and contains 193 adult male and female
phantoms [32–35]. Simulations were carried out for all the phantoms and results selected for groupings
within certain ranges of body mass index (BMI). The library contains phantoms based on reconstructed CT
images of patients who had undergone CT scans. The heights for female phantoms cover the range
150–175 cm with weights up to 135 kg for the 165 cm phantom, and for male phantoms the range is
160–190 cm with weights up to 140 kg for the 180 cm phantom. For each phantom height, there are ranges in
weight at 5 kg intervals, with a range of 40–95 kg for the shortest female phantom and 50–95 kg for the
shortest male phantom.

Output files of the simulations were analysed using a MATLAB code developed in house for this purpose.
The organ and tissue doses were normalised with respect to an exposure of 100 mAs and values for scans of
each phantom were determined from the code and combined through the equation used to derive effective
dose to calculate the SED [29]

SED=
∑
T

wTHT (1)

where HT is the equivalent dose to organ or tissue T, and wT is the corresponding tissue weighting factor
according to ICRP 103 [11]. Calculations were performed for male and female phantoms separately.

The use of a SED allows doses for individuals of different statures to be compared in a manner that gives
an indication of relative risk. Organ doses for the prostate and testes are included for the male phantoms and
ovaries and uterus for female phantoms. However, having phantoms with many different heights and weights
leads to variations in phantom thickness that are not correlated with either measurement. In order to
compare doses for phantoms of varying height, phantoms were grouped in terms of BMI to allow individuals
of comparable build to be matched for assessing the influence of beam width and height on doses to
individual organs and SED. The BMI is equal to weight in kilogrammes divided by the square of the height in
metres, and values between 20 and 25 kg m−2 are considered to represent the normal range. Phantom data
were put into groups representing ranges of 17–20 kg m−2 (underweight), 20–25 kg m−2 (normal),
25–30 kg m−2 (overweight) and 30–40 kg m−2 (obese). Simulations were carried out for all the adult
phantoms in the library, but the numbers of individuals in the lower weight groups were more limited. As a
result, for specific imaging arrangements with a particular beam width there were generally two phantoms in
the 17–20 kg m−2 group, three or four in the 20–25 kg m−2 and 25–30 kg m−2 groups, and six or seven in
the 30–40 kg m−2 group.

3. Results

3.1. Variations in CBCT doses with phantom height
A beam width representing an average for values used by different vendors for routine CBCT imaging is
22 cm, so values of SED were calculated with this beam width for all adult phantoms in the library covering
the full range of heights. Results are plotted against phantom/patient height for the different groupings of
BMI (kg m−2) in figure 3 for chest and pelvis imaging procedures on male and female phantoms. The error
bars represent the standard deviations of results from the phantoms within each BMI group, except for the
lowest BMI groupings in which there were sometimes only two individuals because of the limitation from the
range of phantom sizes available. In this case, the bar simply represents the difference between the two values.
The ranges in SED per 100 mAs for chest scans of 1.7–3.5 mSv for female phantoms and 1.4–2.8 mSv for
male phantoms equate to values for scans performed in the clinic using 270 mAs of 4.6–9.5 mSv for women
and 3.8–7.6 mSv for men. The ranges in SED per 100 mAs for pelvis scans of 0.7–1.7 mSv for female
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Figure 3. Variation in SED per 100 mAs with phantom height for CBCT scans with a 22 cm wide beam for scans of the chest on
(a) female phantoms and (b) male phantoms and of the pelvis on (c) female phantoms and (d) male phantoms. Phantoms are
grouped in terms of BMI (kg m−2).

phantoms and 1–2 mSv for male phantoms equate to values for scans performed in the clinic using 1080 mAs
of 8–18 mSv for women and 11–22 mSv for men.

The SED declined steadily with phantom height, as the proportions of some organs and tissues within the
primary beam declined. The SED for a chest scan on a female phantom that was 5 cm shorter being 5%–7%
higher, and that for a 5 cm shorter male phantom being 3%–5% higher. While for scans of the pelvis, the
dose to a female phantom that was 5 cm shorter was 4%–6% higher, and that for a shorter male phantom it
was 7%–10% higher. The dose was lower for phantoms with a higher BMI, as organs were protected to some
degree by overlying tissues. In a similar manner, plots of SED against beam width (figure 4) show that the
shorter phantoms would receive higher doses. The SED increases with beam width as larger proportions of
some organs are brought within the primary beam, with a 2 cm increase in beam width for chest scans
resulting in a 10%–12% increase in SED for a female phantom and a 9% increase for a male phantom, while
a 2 cm increase in beam width for pelvis scans results in a 6%–7% increase in SED for a female phantom and
an 11%–13% for taller male phantoms, but only a 5% increase for the 165 cm tall male phantom.

Doses decline in taller phantoms and the rates of decline vary, depending on the positions of each organ
within the scanned region and the portions lying within or outside the main beam. The dose to the thyroid,
being a small organ on the edge of the scan field, will decline rapidly for CBCT scans of the chest as beam
width is reduced. The thyroid dose will be smaller in taller phantoms, and having its own tissue weighting
factor will reduce the SED for a chest CBCT substantially for tall patients. Doses to larger organs in the chest
occupying a substantial proportion of the part of the body imaged will decline more slowly with beam width
or patient height. In a similar manner for pelvis scans, the testes in male phantoms represent a small organ
on the edge of the scan field, for which the dose will decline rapidly as beam width is reduced. As a result,
changes in SED with height (figure 3(d)) or beam width (figure 4(d)) are more rapid in the male phantoms,
because the CBCT beam will cover an increasing volume of the testes. The change is less for the shorter
phantoms, as the testes lie within the x-ray beam for most beam widths.

3.2. Variations in dose with phantomweight
Values of the SED for phantoms of specific heights being imaged with a 22 cm wide beam are plotted against
phantom weight in figure 5. These show a steady decline in dose per mAs as weight increases. The
relationships between dose and weight for the male and female chest data sets and the female pelvis were
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Figure 4. Variation in SED per 100 mAs with CBCT beam width for scans of phantoms of different heights with BMIs of
20–25 kg m−2 for chest scans on (a) female phantoms and (b) male phantoms and pelvis scans on (c) female phantoms and
(d) male phantoms. Phantoms are grouped in terms of their height.

similar for phantoms of different heights. However, the plots of male pelvis scan doses for phantoms of
different heights were more widely separated, with those for shorter phantoms having higher doses. This is
primarily due to the inclusion of a greater proportion of the testes in the beam for the shorter phantoms.

A female patient whose weight is 60 kg will receive a SED that is 14% greater for a chest scan than one
who is 70 kg, and 13% greater for a pelvic scan if the exposure is not reduced to take account of the weight
difference. A male patient who weighs 70 kg will receive a SED from a chest scan that is 11% higher than that
for a patient who is 80 kg and the SED for a pelvis scan will be about 10% higher if exposure factors are not
changed to account for the weight difference.

4. Discussion

Imaging at the time of treatment in radiotherapy has become crucial in order to ensure that patients are
accurately positioned to receive radiation treatments to take advantage of shaping of dose distributions to
tumour targets with millimetre accuracy. Vendors of linacs in which kV imaging facilities are installed supply
standard protocols. The Truebeam reference manual does not give data on the sizes of patients to which these
apply, but they might be regarded as equating to the ICRP reference phantoms that have weights and heights
for an adult female of 60 kg and 1.63 m and for an adult male of 73 kg and 1.76 m, respectively [36]. A survey
of imaging practices revealed that in many radiotherapy centres protocols are not adapted for individual
patients (figures 1 and 2), so that radiation protection aspects are not optimised [10]. Results from the
Monte Carlo simulations carried out in this study have compared values for SEDs between phantoms of
different stature. This shows that patients who are shorter or lighter will receive significantly higher doses if
similar exposure factors and field sizes are used for CBCT scans on all patients. A person who is 5 cm shorter
will receive a SED that is 3%–7% greater for a chest scan and 4%–10% greater for a pelvis scan. A person who
is 10 kg lighter will receive a dose that is 11%–14% greater for a chest scan and 10%–13% greater for a pelvis
scan. The differences amount to 0.7 mSv to 1.6 mSv from one scan, but since radiotherapy treatments are
often given in 20–30 fractions, the increase in cumulative dose can be significant if protocols are not
optimised. The main concern will be for patients who are substantially smaller and lighter, which would
include children if the same imaging protocols were used as for adult patients. For example, the dose to a
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Figure 5. Variation in SED for CBCT scans with a 22 cm beam width on phantoms with BMIs between 20 and 25 kg m−2. Scans
are of the chest on (a) female phantoms and (b) male phantoms and of the pelvis on (c) female phantoms and (d) male phantoms.

female patient who weighed 50 kg might be 30% greater than for a patient who weighed 70 kg using the same
imaging protocol (figure 5).

The culture of adapting imaging exposure parameters and field sizes to individual patients is less well
established in IGRT than in diagnostic radiology. The organs included in the scan field that will have a more
significant influence on the SED are the smaller ones that lie near the edge of the field, such as the thyroid
and the testes. Doses to the testes in the pelvis scan cause SEDs for men to rise more rapidly than those for
women as the beam width is increased (figure 4(d)). If exposure of the thyroid or testes can be avoided then
this may reduce the size-specific effective dose (SED) considerably. The stochastic risks for the thyroid and
the testes both decline more rapidly with age [11], and so the use of accurate collimation is of more
significance for younger patients.

The adaptation of imaging field sizes for individual patients is done routinely in diagnostic imaging
departments, with the lengths of CT scans being set accurately based on a scan projection radiograph taken
before the start of the scan. However, the facilities on radiotherapy CBCT equipment to limit field size are
generally more restricted, with more limited beam width options available. Although radiographic images
can be taken with kV systems on linacs, these are not generally used to set collimation for CBCT scans. As a
result, accurate collimation to exclude organs on the scan periphery is more difficult. The use of radiographic
images combined with more flexible collimator blade settings would facilitate more accurate setting of x-ray
field limits. Larger CBCT scan fields are often necessary to allow the extent of structures that need to be
protected from therapeutic irradiation to be determined. Extending the scan field towards the patient’s head
can include more vertebrae which provide markers for matching field positions. However, for cases treated
with stereotactic ablative radiotherapy techniques targeting small tumours in the lung or prostate, fiducial
markers can be inserted into the tumour and used for matching with a small field size.

There is a potential to make some adjustments for CBCT scanning systems on some linacs. A
patient-specific field size applied with a Varian Truebeam CBCT system that used four dynamic blades and
tube current modulation has been reported by Parsons and Robar [37]. In this system, the size of the scan
field was adjusted based on a volume of interest specified in the treatment plan. The use of this system
reduced the scan dose by up to 80% and enhanced the contrast-to-noise ratio by a factor of∼2.2. The Elekta
XVI system has a series of lead collimators with the lateral field width being set at small, medium or large and
the axial extension specified in terms of a series of options of different length [38]. The choice of collimator is
based on the clinical case and size of the patient, and can reduce the imaging dose for small patients or
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patients with smaller tumours. Effective doses from Elekta XVI scans have been reported to vary over the
ranges 0.64–7.88 mSv, and 0.16–7.60 mSv for chest and pelvis scans, respectively [39]. However, these
options are not widely available and standard settings are used by the majority of radiotherapy centres.

This study has shown the variations in magnitude of SEDs that will be delivered by CBCT imaging
during IGRT when imaging protocols are not adapted to individual patients. Many centres use protocols
provided by equipment manufacturers, which are often not optimal, and training of radiotherapy staff may
not include awareness of techniques for optimisation of imaging dose. The provision of training of staff in
imaging techniques and optimisation of radiological protection needs to be expanded. An element that is
missing at the present time in many parts of the world is any measure of the doses delivered by imaging in
radiotherapy. In order for more attention to be placed on optimisation of imaging, operators need to be
aware of dose levels delivered by their equipment so they can evaluate the impact of changes made to
protocols. The measurable quantities used to assess doses from CT imaging (CT dose index and dose–length
product) are different from those employed in radiotherapy, they are not displayed routinely on many CBCT
units and few centres record them. Optimisation of radiological protection in diagnostic imaging has been
driven forward through staff monitoring patient doses and undertaking audits. Patient dose audit is the
process in which results of a survey of patient doses are compared against relevant standards set in terms of
diagnostic reference levels [40]. Steps are now being taken to carry out such evaluations for IGRT, although
results have so far only been published for planning exposures [22]. More information on dose levels for
imaging in IGRT is required together with the impact on doses to patients.

5. Limitations of the study

This study has only included analysis of doses from CBCT imaging using an imaging system for one vendor
(Varian). Nevertheless, it gives an indication of the differences in doses that might be delivered to patients of
varying size when protocols are not optimised. However, protocols and imaging regimes for different
vendors will vary and the level of dose reduction that could be achieved will depend on local practices. The
x-ray field sizes used for the assessments were the ones employed as standard, but values were not
determined directly from surveys of patient imaging practices. Therefore, the study does not include a direct
evaluation of doses from exposures carried out on actual patients.

6. Conclusions

This study has evaluated doses for individuals of different stature, represented by computational phantoms
based on real patient images. The results demonstrate that if all patients are imaged with standard protocols
with similar exposure factors and field sizes for CBCT, patients who are either shorter or lighter will receive
significantly higher doses. A person who is 5 cm smaller will receive a SED that is 3%–10% greater if the
same field sizes are used. A person who is 10 kg lighter will receive a dose that is 10%–14% greater,
depending on the part of the body and patient stature. Although not the subject of this study, such dose
differences would be of particular significance for imaging of children if adult protocols were used. Since a
survey of imaging practices has indicated that the majority of radiotherapy centres do not adapt protocols for
individual patients, differences of this order are likely to occur in practice. These can amount to differences in
SED of 0.3–2.0 mSv per scan, and such scans may be performed at up to 30 fractions for some radiotherapy
treatments. There is a need to improve facilities for adjustment of CBCT beam widths and raise the
awareness of radiotherapy imaging staff for the need to optimise these exposures.
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