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Featured Application: The research provides data on practices in imaging employed in radiother-
apy services in countries with different levels of income and development. The information will
be used in deciding on recommendations to encourage optimization of radiological protection for
imaging by radiotherapy facilities and in evaluating what additional dosimetry features might
be included on cone beam CT facilities incorporated into radiotherapy equipment. These will
be included in a publication on radiological protection aspects of imaging in radiotherapy being
prepared by the International Commission on Radiological Protection (ICRP).

Abstract: Dramatic improvements in radiotherapy equipment have allowed radiation fields to be
conformed to tumours for more accurate treatment. Successful delivery often requires imaging at
every treatment fraction, a method known as image guided radiation therapy (IGRT). But increased
X-ray imaging exposes patients to doses that carry risks of inducing second cancers in normal tissues.
Therefore, reductions in high-dose treatment margins achieved with IGRT must be balanced against
detriments from greater imaging doses. ICRP Task Group 116 has been set up to prepare guidance on
radiological protection aspects of IGRT. Factors affecting the optimization of radiological protection
are the modalities used, the frequency of imaging, the image acquisition parameters influencing
image quality and radiation dose, and the volume of normal tissue included in the images. The
Task Group has undertaken two projects: (1) a snapshot survey of radiotherapy imaging practices
across six continents, which has shown that use of kV cone beam CT (CBCT) increases with Human
Development Index for the country; and (2) a project looking at ways for measuring CBCT doses that
could be applied more widely. The results highlight the need for raising awareness of imaging doses,
and development of the dose quantities displayed on imaging equipment used in radiotherapy.

Keywords: image guided radiation therapy; cone beam CT; radiotherapy planning; imaging in
radiotherapy; imaging dose

1. Introduction

Radiotherapy is an important method for treatment of patients with cancer, with
50–60% of patients undergoing radiotherapy either alone or in combination with surgery
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or chemotherapy [1,2]. In the last few decades, dramatic improvements have been made
in the capability of external beam radiotherapy (EBRT) equipment to conform radiation
treatment fields to any shape of tumour. Most radiation treatment plans for EBRT consist
of 3D dose distributions calculated from computed tomography (CT) scans, while other
medical imaging modalities are often necessary to assist with the identification of the
treatment target. The development of tungsten multi-leaf collimators (MLCs) has enabled
the radiation field delivered by the radiation source, most frequently a medical linear
accelerator (linac), to be conformed to the shape of the tumour target. Conformal treatment
fields are then delivered from multiple static directions or via dynamic arc radiotherapy to
focus the therapeutic high dose on the tumour and spare the healthy surrounding tissue
from the potentially harmful radiation side effects. However, the required high targeting
accuracy can only be achieved by ensuring a daily reproducible patient position as close as
possible to that of the treatment plan.

The size of the high therapeutic dose region of the treatment field is typically larger
than the tumour, as defined by the clinical target volume (CTV) and planning target volume
(PTV) concepts [3,4]. The CTV expands directly from the tumour or gross tumour volume
(GTV) to account for any cancer cells lying on the periphery of the tumour. The PTV
expands from the CTV to account for internal motion and variations in shape of the tumour,
and the uncertainties in patient position during radiotherapy treatments. The treatment
dose and PTV margin are adjusted to maximize the chance of cancer cure, while minimizing
the probability of complications by maintaining doses to nearby organs at risk (OARs)
below their respective tolerance doses [5]. When a patient is set up for treatment, images
are acquired, and then compared and aligned with the planning images of the patient
to reduce positional uncertainty. Pre-treatment imaging allows the size of the high-dose
margin to be reduced (Figure 1). Set-up images are frequently recorded at many, if not all,
of the fractions in which treatment is delivered. Cases involving motion management or
high-dose treatments might also require intra-fraction imaging. This enables changes in
patient anatomy to be monitored during treatment, and allows corrections to be made to
treatment delivery if required. The process of using images in planning treatments and
then taking further images at the time of treatment to guide the delivery is referred to as
image guided radiation therapy (IGRT). Additional imaging during treatment planning
and delivery can also be used to account for motion, with the recording of multiple images
through breathing or other motion cycles.

The application of IGRT around the world has increased considerably in the last
decade. It should enable more precise treatment delivery and improved safety. IGRT
has led to better patient outcomes, and this is still improving steadily [6]. The National
Radiotherapy Trials Quality Assurance Group (UK) reviewed the current evidence on
the use of IGRT for pelvic tumours and concluded that IGRT was essential for the safe
implementation of highly conformal pelvic radiotherapy [7]. IGRT may in some cases
decrease overall treatment time, reduce the number of treatment sessions required, and
even enable certain patients to receive radiation therapy when that might otherwise not
have been possible.

However, increased imaging with X-rays exposes normal tissues surrounding a tumour
to additional radiation. This carries a risk of raising doses to OARs close to the PTV
boundary above the respective tolerance doses, as imaging doses are not accounted for in
treatment planning [5], and thereby increases the risk of deterministic acute or long-term
effects. In addition, there will be an increased risk of inducing second cancers in organs
and tissues lying within the field being imaged [8–12]. A study of radiotherapy imaging
doses in a US hospital reported average cumulative imaging doses to the brain, lungs
and red bone marrow of 380, 188, and 491 mGy, respectively, for which the associated
additional average lifetime attributable risks of cancer incidence per 100,000 persons were
78, 271 and 510 for brain cancer, lung cancer and leukaemia, respectively [12]. Therefore,
the decrease in exposure that can be achieved through use of smaller high-dose treatment
margins and reduction of alignment errors need to be balanced against the detriment from
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doses to surrounding tissues from more frequent imaging. A study of a group of Finnish
hospitals showed that cumulative doses to organs surrounding the PTV can vary by factors
of ten or more depending on the imaging technique and frequency, indicating that there is
considerable scope for optimisation of radiological protection [11]. Making judgements on
potential harm from imaging is difficult without information on the doses received, and
this information is limited at the present time.
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Figure 1. Schematic diagram illustrating the relationship between the planning target volume (PTV)
around a tumour and the frequency of imaging during radiotherapy treatments. High-dose margins
around tumour targets are used to account for uncertainty in target location and more frequent
imaging allows margins to be reduced to protect normal tissue. There is a balance between reducing
the width of these high-dose margins around the target and lowering the dose to surrounding normal
tissues from more frequent imaging.

Guidance has been produced about the use of IGRT [13], but this has been largely by
high income countries and less information is available on its use in countries at all levels
throughout the world and especially on doses delivered by radiologic imaging modalities
in radiotherapy. Two projects are described in this paper; the purpose of the first was to
gain information about the use of IGRT in countries at different stages of development with
varying levels of funding. The type of information sought was how widely IGRT was used,
and how much information and knowledge users have about doses from imaging delivered
to patients. The second project was to look at methods for recording doses from cone beam
CT (CBCT), the imaging method used more widely, and the feasibility of carrying out such
measurements in countries with lower levels of funding.

2. Materials and Methods

ICRP set up Task Group 116 to provide recommendations and guidance on radiological
protection aspects of IGRT. A report is being prepared to give an overview of imaging
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use in radiotherapy and provide guidance on optimization of imaging practices. Two
aspects of the Task Group work are considerations that relate to the most effective method
for recording patient doses and for developing appropriate methods that would allow
radiotherapy centres to monitor imaging dose performance at all levels of expertise.

2.1. Imaging Practice Survey

Information available on the use of IGRT is limited largely to more developed nations.
Therefore, the Task Group set up a project through the ICRP mentorship programme
(https://www.icrp.org/page.asp?id=465, accessed 29 December 2022) to find out more
about practices in other parts of the world. This took advantage of the wide range of
countries from which mentee applications were received. The survey was conducted online
for the countries in which the mentees were resident in 2020. It involved completion of
130 items of information about imaging practices in each radiotherapy centre that agreed to
participate, and a total of 97 centres, spread across nine countries in six continents, were
included in the analysis [14]. Australia and New Zealand, which work closely together,
were combined as one entry for Australasia. In each country, the mentee was responsible
for collating the data and investigating any apparently anomalous responses.

The survey of imaging practices in radiotherapy showed that all surveyed countries
employed IGRT, but differences were apparent in the extent to which imaging was used
in lower- and middle-income countries (LMICs). In order to investigate relationships
between practices and the income and development of the countries in the survey, results
for individual countries were compared against the Human Development Index (HDI)
value, as defined by the United Nations Development Programme [15]. The HDI combines
indices of life expectancy and education (literacy rate and receipt of different levels of
education) with per capita income, and values increase with the level of development up to
a maximum of 1.0. Pearson correlation coefficients (R) were derived to assess relationships
of some parameters, with the HDI assuming statistical significance at the p < 0.05 level.

2.2. Imaging Dose Measurement Project

In preparing guidance on radiological protection, it is necessary to consider the balance
between doses that patients receive from frequent imaging, often performed multiple times
throughout a whole treatment course, and the need to deliver the high therapeutic dose
to the PTV with high accuracy (Figure 1). However, the recording of imaging doses from
kV cone beam CT (CBCT), the main imaging modality used during treatment procedures,
is not well established. Several methods have been proposed in guidance documents
for measurement and calibration of doses for CBCT systems, and these are described in
Section 4 of this paper. However, these would be impractical to implement for many centres
and require time and resources that are unavailable in the majority of centres [16]. Bearing
this in mind, a second project was established through the ICRP mentorship programme to
consider ways in which quantities relating to patient dose might be measured, and what
options might be available for countries with varying resources to carry out surveys of
patient doses from imaging.

3. Results
3.1. Survey of IGRT Practices in Different Countries

The countries included in the survey, together with the numbers of radiotherapy
centres and linacs, and the HDI are given in Table 1. The proportions of radiotherapy
centres from which data were obtained in countries with HDI values of 0.9 and above were
11% or less, but for five countries with HDI values of 0.74–0.90, for which less data are
available in the literature, results were obtained for 24% or more of the centres. However,
the survey can only be considered as a snapshot showing variations in practices that occur
in different regions, rather than being representative of the particular countries, as the
centres participating might not be representative of the situation in the whole country.

https://www.icrp.org/page.asp?id=465
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Table 1. Data on radiotherapy centres completing the questionnaire for each country [14].

Country HDI at Time of
Survey

No. of
Radiotherapy

Centres in Survey

Proportion of
Radiotherapy

Centres in
Country (%)

No. of Linacs in
Survey

Median No. of
Linacs per

Radiotherapy
Centre

Germany 0.947 10 3.4 26 2.5
Australasia 0.944 12 10.8 55 3

USA 0.926 30 1.2 143 4
Cyprus 0.887 2 100 5 2.5

Saudi Arabia 0.854 4 28.6 16 2.5
Malaysia 0.81 7 23.9 9 1
Colombia 0.767 14 24.1 24 2

Algeria 0.748 9 56.2 24 3
Egypt 0.707 9 12.5 17 1
Total - 97 - 319 -

All the centres used CT as the main imaging modality for treatment planning. Other
imaging modalities were used in the planning process, with 80–90% of centres in Germany,
Australasia, the USA, and Cyprus using magnetic resonance imaging (MRI). Positron
emission tomography (PET)/CT was used when appropriate in 65–80% of centres in
Germany, Australasia, the USA and Cyprus, and 40–50% of those in the Asian and South
American countries. There were significant declines with the country HDI values in the
proportions of centres using MRI (R = 0.879, p = 0.002) and PET/CT (R = 0.929, p < 0.0005
(Table 2)) [14]. The use of other modalities (SPECT/CT and ultrasound) showed weaker
correlations (R < 0.75) and/or no statistical significance (p > 0.05). Many of the imaging
modalities used were sited elsewhere in the hospital complexes, but between 20% and 50%
of hospitals in the European, African, and American countries had MRI scanners within
the radiotherapy centres.

Table 2. Percentages of radiotherapy centres in each country using different imaging modalities to
check patient position during treatment [14].

Country CBCT (%) kV Planar (%) MV Planar (%) MRI (%)
Optical
Surface

Guidance (%)
Ultrasound (%)

Germany 100 60 50 10 60 30
Australasia 100 83 42 17 25 58

USA 100 97 70 17 73 17
Cyprus 100 100 100 0 50 0

Saudi Arabia 100 50 25 25 0 50
Malaysia 100 71 57 0 29 0
Colombia 86 50 57 0 14 7

Algeria 89 67 56 0 0 11
Egypt 22 0 100 0 11 0

3.2. Imaging during the Treatment Cycle

The purpose of imaging during the radiotherapy treatment cycle is to align the treat-
ment beam precisely with the targeted tumour and deliver the radiation treatment as
accurately as possible. Patient positioning accuracy with IGRT varies, depending on the
treatment site, prescription, PTV margin, treatment delivery technique, and immobilization
method. A typical set of clinical tolerance for daily alignment ranges from ~10 mm for
standard 3D breast treatment (planar MV and kV imaging), down to a few mm for IMRT
treatments (3D CBCT imaging), and to sub-mm for intracranial high-dose stereotactic
radiosurgery cases [17,18]. The ICRP Task Group 116 report aims to deal with radiological
protection aspects of IGRT and—after appropriate patient selection—there are four areas
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involved in the choices relating to optimization of radiological protection. These are: the
imaging modalities used, the frequency of imaging, the image acquisition parameters de-
termining the quality of the image, and the volume of surrounding normal tissue included
in the images.

3.2.1. Imaging Modality

kV cone beam CT (CBCT) was the modality used most widely during treatment, being
used by all centres in countries with HDIs over 0.8 (Table 2). Two countries with lower HDIs
had fewer kV CBCT facilities available. In Colombia, 71% of linacs in surveyed centres had
CBCT but most centres had only one linac with kV imaging, and in Egypt only two linacs
out of 17 had kV imaging, which resulted in MV imaging being the main modality used in
most centres. The soft tissue image contrast with MV X-rays is poor and the absorbed doses
delivered to tissues are substantially greater than with kV imaging techniques [11,19,20]
and so MV imaging is an option that is used predominantly when kV imaging is not
available. Non-ionizing radiation techniques were used widely to monitor patients during
treatment with over half of the centres in Germany and the USA using optical surface
guidance, and centres in Australasia and Saudi Arabia using more ultrasound. There was
a significant decline in the number of centres using optical surface guidance with HDI
(R = 0.708, p = 0.033). Between 10% and 25% of centres in countries surveyed with HDI
values over 0.85 had access to MRI scanners.

3.2.2. Frequency of Imaging

The frequency of advanced imaging (i.e., CT, kV- and MV-CBCT, and fluoroscopic
imaging) has a significant impact on the trade-off between doses to tissues surrounding the
target from the therapy beam and those from imaging exposures. When a misalignment is
identified by IGRT, the patient is typically repositioned to correct this and, in some cases,
imaging may be repeated [17]. Increasing the number of fractions in which imaging is
performed will reduce the likelihood of undetected patient alignment errors which could
decrease the success of radiotherapy or lead to radiation injury to healthy tissue. The
most common option used for all treatments was imaging at every fraction (Figure 2), as
this ensures that delivery of treatment is as accurate as possible. A study of lung cancer
treatments undertaken with varying frequencies of on-board mega-voltage CT (MVCT)
imaging concluded that performing IGRT less than daily increased the rate of geographic
misses when small (3 mm) uncertainty margins are chosen and recommended to increase
such margin to ≥5 mm when imaging less frequently [21].

The frequency was generally higher in countries with higher HDI numbers, although
in Germany, the country with the highest HDI, only half of the radiotherapy centres chose
imaging at every fraction as the option used most frequently for treatments of the trunk. The
frequency of imaging may be chosen to match the standard of care within each individual
country and the resources available in specific radiotherapy centres. General trends in
frequency of imaging practices within individual countries tended to follow similar patterns
for most types of treatment. However, practices did vary with the location of the tumour
being treated, and will depend on the treatment protocol and local departmental resources.
Centres in Egypt that did not have kV CBCT only imaged either once per week or once
during the course of treatment for most tumour types and only carried out imaging once
during the course of radiotherapy for breast, gynaecology, and brain treatments.

For some treatments of the head, imaging might be performed twice or even three
times during one fraction (Figure 3). This was particularly noticeable for stereotactic
radiotherapy in which higher doses of radiation were delivered to the target from many
angles, but with fewer fractions. Figure 3a,b shows all the treatment options used in
each centre for treatment of the head and Figure 3c,d the ones used most frequently. This
indicates that imaging more than once per fraction was only used for a proportion of
patients being treated for both brain, and head and neck lesions.
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Imaging at every fraction is the choice favoured by most radiotherapy centres for
most types of treatment providing close monitoring of variations over time and enabling
the avoidance of random errors. A substantial number of centres in countries with HDIs
between 0.75 and 0.9 also image for the first three fractions and then cut back to weekly,
a strategy that helps to identify systematic differences between treatment planning and
delivery.

3.2.3. The Balance between Image Quality and Imaging Dose

Less effort has been devoted to optimization of radiological protection for imaging
in radiotherapy than in diagnostic radiology, as staff are accustomed to dealing with the
much higher doses from therapeutic radiation. However, since exposures are repeated and
normal tissues surrounding the tumour target are irradiated, imaging protocols should be
optimized with radiological protection considerations, especially since the cumulative dose
from daily kV CBCT over a whole treatment course can reach the level of a radiotherapy
treatment fraction dose [13,19,22]. The level of image quality required for delineation of
organs and target alignment in radiotherapy involves a trade-off with radiation exposure.
Ideally the dose level for imaging should be the minimum necessary for providing the level
of detail needed to verify alignments for accurate treatment delivery. This should not in
general be as detailed as that required for diagnosis of disease. But, before optimization
of radiological protection can begin, measures of the image quality linked to clinical
requirements and a knowledge of the dose levels delivered during imaging are required.
The survey showed that the majority of centres in most countries carried out objective
evaluations of image quality, but only about half made dose measurements in Australasia,
the USA, Colombia, Algeria and Egypt (Figure 4) as part of their quality control (QC)
program. The proportion of centres carrying out QC on a monthly basis for imaging
equipment declined with HDI (R = 0.784, p = 0.012).
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The survey further revealed that although patient doses from kV CBCT and kV planar
imaging were recorded by 50% of the radiotherapy centres that took part in the survey in
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Cyprus, Germany, and Saudi Arabia, there was little recording of dose information at other
centres. The recording of patient doses from imaging requires equipment, funding, and
experience, but these were not necessarily the barriers, since countries with higher HDIs,
such as Australia/New Zealand and the USA also did not record this information.

3.2.4. Imaging Field of View

The volume of normal tissue surrounding a tumour target that is irradiated during
imaging is determined by the size of the X-ray field used. This should be restricted to the
minimum to achieve the required accuracy of target positioning with the need to ensure
that appropriate markers are visible on the images. All centres in Cyprus, Malaysia and
Egypt used standard adult protocols provided by the vendors, with limited adjustment
of field size for individual patients (Table 3). Between 38% and 60% of the radiotherapy
centres surveyed in other countries adjusted the field size for individual adult patients [14].
A slightly greater proportion of the centres performing paediatric treatments adjusted field
sizes for individual patients.

Table 3. Percentages of radiotherapy centres in each country adapting protocols for individual
patients and involvement of diagnostic medical physicists in optimization [14].

Country Use Vendor
Protocols (%)

Adapt Protocols
Exposures for

Individuals (%)

Adjust Image
Field Size for

Adults (%)

Adjust Image
Field Size for

Paediatrics (%)

Involvement of
Diagnostic

Physicists (%)

Germany 50 10 60 33 22
Australasia 55 36 55 55 45

USA 97 43 43 60 30
Cyprus 100 0 0 0 100

Saudi Arabia 75 50 50 67 25
Malaysia 100 14 14 66 0
Colombia 92 31 38 53 14

Algeria 100 12 50 100 11
Egypt 100 0 0 0 50

4. Dosimetry Methods for Cone Beam CT Systems

Optimization of radiological protection requires a knowledge of patient doses from
imaging, but the survey has shown that only 50% of radiotherapy centres in European
countries recorded patient doses and less than 10% in other parts of the world record
patient doses (Figure 4). There is a need for raising awareness of imaging doses, and
adaptation and development of the dose quantities displayed on imaging equipment used
in radiotherapy to allow calibration and assessment to be performed more readily. The
imaging technique used most widely during radiotherapy is kV CBCT [14,16], so this study
is focused on that technique. The challenge is then to find measures of dose that can be
made by centres in a variety of countries, many with limited resources.

Few centres have a methodology available that could be used to measure CBCT dose
currently. Bearing this in mind, another mentee project has been initiated to investigate
ways for measuring CBCT doses that could be applied more widely. The aim of the
project is to trial ways in which dosimetry measurements could be carried out on CBCT
systems on radiotherapy linacs. The dosimetry equipment and phantoms available in
different countries vary widely and methods are required that could be used in centres
with varying facilities, and ways developed in which comparisons of results could be made
between centres.

The dose metric displayed on most CBCT systems is a version of the CT dose index
(CTDI), which gives a measurement of dose with a 100 mm long ionization chamber.
Measurements made at the centre and periphery of head or body phantoms made of
polymethyl methacrylate (PMMA) and having diameters of 160 or 320 mm, respectively,
and lengths of 150 mm, are combined to give a weighted result (CTDIw) that is suitable



Appl. Sci. 2023, 13, 1533 10 of 15

for dose surveys and optimization of practices. CTDIw values are not accurate reflections
of doses to individual patients of varying size, but nevertheless provide a starting point
through which comparisons can be made with doses from CT scanning more generally.
The CTDI values displayed on CBCT scanners will depend on the model, and may be the
standard CTDI for narrow beam CT or a measure for a wide beam, as this is an area that
is evolving, so care is required in choice of any method for calibration. All vendors are
encouraged to include displays of assessed imaging dose quantities that can be used for
patient dose surveys. The calibration of the displayed quantity should be verified to allow
future comparison against national or international standards.

Various methods have been developed for dose measurement and calibration of
CBCT systems. The CTDIw concept has shortcomings in that it does not capture all the
scattered radiation that would contribute to patient dose [23–25] and it is designed for
CT scanners in which the fan beam is narrower, so that X-rays are incident at close to a
perpendicular angle to the scanner axis. Various modifications have therefore been made
to adapt the concept for CBCT. The International Electrotechnical Commission (IEC) has
proposed making measurements with a narrower reference beam and adjusting these
based on a ratio of CTDI100 measurements in air [26–28] to provide a measurement that is
relatively independent of beam width [29]. An alternative approach taken by the American
Association of Physicists in Medicine (AAPM) task group is based on measuring the
cumulative dose with a small ion chamber in the centre of a phantom that is sufficiently
long to include most of the contribution from scattered radiation [30,31]. However, neither
of these techniques is straightforward to perform. The IEC method requires a series of
CTDI measurements at different positions to replicate a longer ionization chamber, while
the AAPM method requires the availability of a larger phantom.

Since imaging patient dose surveys are new to radiotherapy treatment imaging expo-
sures, any survey that plans to obtain results from a large number of centres will require an
approach that is easy to follow. A dose survey needs comparisons of performance across as
many systems as possible in order to be successful. Use of a measurement of cumulative
dose at the centre of a standard 150 mm long CT phantom with either a 0.6 cc Farmer ioniza-
tion chamber or a 100 mm CTDI chamber with a wide beam are considered to be the easiest
practical solutions for deriving a typical cumulative dose for a CBCT scan in mGy mAs−1

(Figure 5). The reason for using different chambers at this stage is that access to 100 mm
chambers is limited in many radiotherapy centres, and use of a 0.6 cc chamber would be a
viable alternative. The final choice of which chamber to use will depend on the availability
in different countries, but at this stage the use of either is proposed. Conversion factors be-
tween the two would then be established from Monte Carlo calculations and experimental
measurements. Monte Carlo calculations employing 109–1010 photon histories can reduce
uncertainty to the order of 2% or lower [32]. It is proposed that measurements are made
for the maximum field size used in clinical practice for the kV/filter combinations used
according to a set protocol provided in a spreadsheet. Measurements would be combined
with the accepted 2:1 weighting for CTDI measurements [28], to derive a weighted value of
the cumulative dose per mAs for any given kV/filter combination.

Because the beam will be larger than the phantom, the efficiency in terms of making
a measure of dose to tissues in the body will only be 40–50% [32]. But the fact that this
is not an absolute measure of dose to a patient does not matter at this stage, as these
measurements are designed primarily for comparing the performance of CBCT protocols.
They capture a simple measure related to the level of dose to the patient, and the effects of
kV and filtration. Placing more constraints on measurement of the dose quantity to make a
measure more meaningful in terms of dose to the patient would increase the difficulty of
the measurement and inevitably reduce the number of centres able to take part.
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Figure 5. Arrangement being used for measurement of cumulative dose at the centre of a CT body
phantom. The X-ray source and image receptor are typically mounted at 90◦ from the treatment head
of a medical linear accelerator. The figure shows schema of the measurement set-up in (a) the axial
plane and (b) the sagittal plane. Measurements would be made with in a CT standard phantom with
(c) a 100 mm CTDI ionization chamber and/or (d) a 0.6 cc Farmer type ionization chamber.

Mentees have been asked first to take measurements at their own centres to establish
the technique and then to ask colleagues to carry out similar measurements at their centres.
The next stage will be to collect exposure factor data on standard treatment protocols for
several specified treatments at each centre. The measurements can then be combined with
exposure data in clinical protocols to obtain some information on patient dose levels. The
measurements proposed should give dose values suitable for benchmarking and comparing
the performance of equivalent CBCT protocols for the same clinical indication. The project
is still at an early stage, but measurements have been made at a few centres and reasons
for differences in results are being investigated. The project has already identified that one
centre used similar exposure factors for imaging the thorax and the pelvis, whereas the
exposure of the thorax at other centres was between a half and a quarter of the pelvic value,
and this is now being investigated. A number of centres are unable to obtain access to
equipment required. It is hoped that all centres will have at least a 0.6 cc Farmer chamber
for which they can obtain a calibration for 120 kV X-rays, and if the project is successful a
recommendation may be made that all centres arrange access to standard CT phantoms for
the measurements.

5. Discussion

This study is not a comprehensive survey, but it has shown that kV CBCT is the
imaging modality of choice for imaging immediately prior to treatment. The appropriate
use of non-ionizing techniques may help to reduce numbers of X-ray exposures, where
facilities are available. However, countries with lower HDI levels have fewer of these
options available. Once the imaging modality has been decided, there remains a question as
to whether the current use of advanced imaging techniques for IGRT is always appropriate.
Beyond focusing on the PTV margin and geometric accuracy, the justification for daily
imaging should also be on a patient-specific basis and take account of patient age and
disposition during treatment, disease site and stage, radiotherapy dose and treatment
delivery technique, as well as the availability of the imaging modality. In principle, the
high targeting accuracy required for small PTV margins can only be conserved with a high
imaging frequency (Figure 1). However, the clinical impact of imaging frequency on the
potential targeting accuracy and cancer cure can only be determined on a patient-specific
basis, as it depends on the tumour site and on the type of localization and positioning errors
to be expected. Centres that only image once per week or once per course of treatment in
this study were predominantly those without kV imaging facilities. The potential widening
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of the application of optical surface guidance has been suggested recently by an AAPM Task
Group [33]. It is an approach that could help in reducing the frequency for X-ray imaging,
but although optical surface guidance was employed in more high-income countries, only
11% of centres on average used it in countries with values of HDI less than 0.88. Since this is
a less expensive alternative, it could assist in the optimisation of imaging in these countries.
Globally, the frequency of imaging during treatment will be affected by the availability of
appropriate equipment, resources and personnel, but more studies evaluating how imaging
affects the accuracy of treatment delivery and treatment outcome are required to determine
and support the optimal approaches.

Methods for the checking of dose performance of imaging equipment and recording
of patient doses from imaging need to be introduced generally in radiotherapy centres and
awareness among radiotherapy staff raised through education and training. The recording
of patient dose is the first step that needs to be taken before optimization of radiological
protection can begin. The lack of information on imaging dose apparent in this study is
likely to result in less attention being paid to optimization of radiological protection, as the
impact of any changes cannot be evaluated. It is also probably a factor behind the use of
standard adult imaging protocols supplied by the vendor for all patients in most countries,
often with limited optimization for individual patients (Table 3).

The majority of medical physicists working in radiotherapy do not have expertise
in diagnostic imaging and will not be familiar with the dose quantities used. Therefore,
introducing imaging dose measurements and surveys of patient imaging doses will require
both involvement of diagnostic radiology medical physicists and training of radiotherapy
imaging physicists. The survey showed that some centres did use diagnostic physicists,
but the proportion in the different countries was variable (Table 3). More training courses
in diagnostic imaging are required for both radiotherapy physicists and diagnostic imaging
specialists who can also be involved in imaging for radiotherapy. The attention to dose
levels should be associated with assessments of image quality, not only as a constancy
check on imaging performance, but also to determining the level of image quality required
for making the alignments necessary to ensure accurate treatment delivery.

If more assessment of imaging doses is carried out, there may be other simple steps that
can be taken to reduce doses in the early stages. For example, similar protocols are generally
used throughout the treatment of a patient, and since imaging of the same region around
the tumour is often repeated at each treatment fraction, further adaptation of exposure
factors to optimize radiological protection should be possible based on knowledge derived
from the initial exposures.

Another aspect of optimization is the size of the radiation field used and the adjustment
to suit the size of the patient. If a standard field size is used for patients of varying height,
this will include a greater proportion of organs and tissues on the periphery in smaller
patients. The size-specific effective dose that will be received by a person who is 5 cm
shorter than the standard height will be between 3% and 10% greater [34], but use of
standard field sizes for patients of all heights treated for a particular type of malignancy
could result in much higher increases in dose than this. For example, upgrades in treatment
planning software or radiation oncology information systems may include changes in
imaging protocols, and associated increases in field sizes or exposure factors that could
lead to gradual increases in imaging dose [35]. Such changes should be monitored as part
of the evaluation process to check effects on imaging doses and ensure that any changes
are reasonable in terms of potential improvements in treatment delivery.

Conventional CT scanners enable the fields to be included in a scan to be determined
from scan projection radiographs and include automatic tube current modulation to reduce
dose levels both for smaller patients and in parts of the scan where attenuation is lower.
Facilities are included in some CBCT systems to enable the exposure arcs to be limited
to protect radiosensitive organs, but the field size is not based on recorded images and
is determined either by simple manual adjustment of collimation or selected from small,
medium, and large options and there is no automatic exposure control. Tools to allow
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field sizes to be set based on an initial radiographic image from a single projection and
radiation exposure levels to be adapted automatically to sizes of patients being imaged
might be included by CBCT vendors to function in a similar manner to devices used in
CT scanners. This type of development could be used together with appropriate selection
of beam direction and bow-tie filters [20] to enable further optimization not only of dose
but also image quality, and vendors are encouraged to consider potential use of an initial
image for both adjustment of field size and exposure factors.

One aim of the Task Group is to provide guidance on the recording of imaging
doses linked to programmes for dose optimization that will be applicable in all countries.
However, the resources for CBCT CTDI dose measurement may not be readily available in
all institutions in low- and middle-income countries, in terms of the phantom, measurement
tools, and expertise. It should not be an issue for large teaching hospitals in most countries
to perform such measurements, particularly for hospitals where diagnostic imaging medical
physicists are available. While the radiation oncology medical physicists can be trained
to perform the CTDI measurement, it can be a challenge for these institutions to justify
the procurement of the CTDI phantom required for such measurements. Inclusion of the
equipment in the procurement budgets may help to improve availability. Development
of expertise within large teaching hospitals, resource sharing between institutions, and
roll-out of techniques through training to other hospitals may be ways in which imaging
dose measurement can be promoted in low- and middle-income countries.

6. Conclusions

Data from the projects described are feeding into development of the Task Group
report with recommendations for users, managers, and equipment vendors to facilitate
improvements in the application and optimization of radiological protection aspects in the
use of imaging in radiotherapy. The main imaging modality employed during treatment
is CBCT, and this is frequently used at every treatment fraction. But there are significant
differences in what available imaging techniques can offer, both in terms of the amount
of information provided and the dose level, so decisions are required about optimum
choices for different types of treatment, and particular treatment sites. More information
on development of guidance on the frequency of imaging for different types of treatment
would be useful, but the approaches are going to depend on the facilities in each country.
More research is needed to provide information on image quality as well as dose levels
appropriate for imaging during radiotherapy treatment that can contribute to the overall
optimization of radiological protection and clinical outcome for radiotherapy treatments.

The survey of imaging practice has made clear that radiotherapy centres throughout
the world, even in some high-income countries, have little information on patient doses
from imaging linked to radiation therapy treatments. A knowledge of patient dose is
fundamental to starting the process of optimization of radiological protection, as without it
there is no indication of what dose levels are used, and so it is not possible to evaluate the
impact of any changes. Improvement in the situation requires efforts from radiotherapy
departments, in terms of surveys of patient imaging doses. The methods described in
the second project in this paper could be used by other radiotherapy centres to carry out
initial evaluations of imaging doses that could be compared between centres in individual
countries or more widely.

Developments from equipment manufacturers and vendors could aid in assessment
of imaging doses through improvement in displayed dose quantities that can readily be
measured and calibrated. Manufacturers are also encouraged to consider the introduc-
tion of techniques through which more control can be exercised over imaging exposure
levels in CBCT. This might be achieved through exposure assessments based on an initial
radiographic image that could be used both for a form of automatic exposure control in
adjustment of X-ray tube current and as an image from which field sizes could be adjusted,
as in standard CT, providing a next step in taking optimization of radiological protection
for imaging forward.
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