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Abstract—Use of medical imaging continues to increase, making the largest contri-
bution to the exposure of populations from artificial sources of radiation worldwide.
The principle of optimisation of protection is that ‘the likelihood of incurring expo-
sures, the number of people exposed, and the magnitude of their individual doses
should all be kept as low as reasonably achievable (ALARA), taking into account
economic and societal factors’. Optimisation for medical imaging involves more
than ALARA - it requires keeping individual patient exposures to the minimum
necessary to achieve the required medical objectives. In other words, the type,
number, and quality of images must be adequate to obtain the information
needed for diagnosis or intervention. Dose reductions for imaging or x-ray-image-
guided procedures should not be used if they degrade image quality to the point
where the images are inadequate for the clinical purpose. The move to digital imag-
ing has provided versatile acquisition, post-processing, and presentation options,
and enabled wide and often immediate availability of image information.
However, because images are adjusted for optimal viewing, the appearance may
not give any indication if the dose is higher than necessary. Nevertheless, digital
images provide opportunities for further optimisation, and allow the application of
artificial intelligence methods.

Optimisation of radiological protection for digital radiology (radiography, fluoros-
copy, and computed tomography) involves selection and installation of equipment,
design and construction of facilities, choice of optimal equipment settings, day-to-
day methods of operation, quality control programmes, and ensuring that all per-
sonnel receive proper initial and career-long training. The radiation dose levels that
patients receive also have implications for doses to staff. As new imaging equipment
incorporates more options to improve performance, it becomes more complex and
less easily understood, so operators have to be given more extensive training.
Ongoing monitoring, review, and analysis of performance is required that feeds
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back into the improvement and development of imaging protocols. Several different
aspects relating to optimisation of protection that need to be developed are set out in
this publication. The first is collaboration between radiologists/other radiological
medical practitioners, radiographers/medical radiation technologists, and medical
physicists, each of whom have key skills that can only contribute to the process
effectively when individuals work together as a core team. The second is appropriate
methodology and technology, with the knowledge and expertise required to use each
effectively. The third relates to organisational processes which ensure that required
tasks, such as equipment performance tests, patient dose surveys, and review of
protocols, are carried out.

There is wide variation in equipment, funding, and expertise around the world, and
the majority of facilities do not have all the tools, professional teams, and expertise
to fully embrace all the possibilities for optimisation. Therefore, this publication sets
out broad levels for aspects of optimisation that different facilities might achieve,
and through which they can progress incrementally: Level D — preliminary; Level C
— basic; Level B — intermediate; and Level A — advanced. Guidance from profes-
sional societies can be invaluable in helping users to evaluate systems and aid in
adoption of best practice. Examples of systems and activities that should be in place
to achieve the different levels are set out. Imaging facilities can then evaluate the
arrangements they already have, and use this publication to guide decisions about
the next actions to be taken in optimising their imaging services.

© 2023 ICRP. Published by SAGE.
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MAIN POINTS

Optimisation of radiological protection in diagnostic imaging and image-guided
procedures requires provision of clinical images for individual patients that are of
sufficient quality to ensure an accurate and reliable diagnosis, with radiation expo-
sure minimised according to the applied imaging technology.

In medical imaging, optimisation of protection is at two levels: (i) the design and
construction of the equipment and the installation where it is used; and (ii) the day-
to-day working procedures performed by the staff involved. Optimisation will only
occur if all staff are properly trained in their roles, and equipment operation is
assured through a comprehensive quality assurance programme, with ongoing
review of performance that feeds into affirmation and development of protocols.

Different aspects contribute to optimisation. These are: professionalism within opti-
misation teams comprising radiologists, radiographers, and medical physicists, each
using their unique sets of skills to improve imaging performance; methodology and
technology coupled with the necessary expertise to evaluate performance; and organ-
isational processes to manage quality improvement within a structured framework.

Complex digital x-ray equipment allows dose levels to be reduced without
compromising image quality. This requires high levels of knowledge and skill from
imaging professionals, as if features are used incorrectly, patient doses can be unnec-
essarily high without this being apparent. All members of the imaging team must be
given the necessary expertise through training, updated regularly, so they fully
understand equipment operation.

The degree to which an organisation has implemented optimisation will depend on
the personnel, facilities, level of knowledge and experience available, and regulatory
oversight. This publication sets out a layered approach to the development of opti-
misation with broad categories for systems that might be expected to be in place to
achieve different levels: Level D — preliminary; Level C — basic; Level B — inter-
mediate; and Level A — advanced. The aim is to guide managers and staff in deci-
sions about the next step to take in their programme of optimisation.
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EXECUTIVE SUMMARY

(a) Optimisation is a key principle of radiological protection. Medical exposures
make the largest contribution to the exposure of populations from artificial sources
of ionising radiation worldwide, so optimisation of such exposures is particularly
important. Optimisation of radiological protection for imaging requires radiation
dose to be minimised in a manner that is consistent with providing the images/
information required for the intended purpose. Digital radiology encompasses all
radiological techniques that present images in digital form, for which the appearance
can be manipulated to display the image in a form that best suits the purpose, and
includes digital radiography, fluoroscopic techniques, and computed tomography.
The emphasis on image quality has become crucial in digital radiology with more
versatile image acquisition, post-processing, and presentation options. These techni-
ques require a more rigorously defined optimisation process, awareness of underly-
ing technical factors that are not always obvious, and comprehension of the impact
of information technology on the displayed image. The clinical risk of patient mis-
management resulting from an examination for which the dose has been reduced to
the point at which the image quality is insufficient to allow changes in diseased or
damaged tissue to be characterised is likely to be high compared with any additional
risk from a higher radiation exposure that gives sufficient image quality. However,
cumulative radiation doses from the ever-increasing use of radiology may result in
health consequences that, although not immediately apparent, could manifest at a
later point in time. Thus, it is a question of balance between different types of risk
(potential long-term effects from dose and more immediate clinical consequences),
and achieving the correct balance is a challenging task from both technical and
professional perspectives.

(b) To achieve successful optimisation, a facility must have sufficient imaging
equipment, and enough staff who have been adequately trained in use of the equip-
ment and the information technology features that are available. The optimisation
process starts with specification of the equipment required to fulfil the clinical need,
and continues through its purchase, installation, acceptance, and commissioning. It
includes maintenance and the quality assurance programme which continue
throughout the life cycle of the equipment. Optimisation then continues during
clinical use of the equipment, with requirements for provision of necessary clinical
information by those referring patients for examinations based on accepted guide-
lines, and appropriate processes for reporting and acting on results of imaging
procedures.

(c) Optimisation requires the input of knowledge and skills on many different
aspects of how radiological images are formed, and so requires contributions from
different healthcare professionals working together as a team. A radiologist, other
appropriately trained radiological medical practitioner, or radiographer can judge
whether the image quality is sufficient for the diagnostic purpose. A radiographer
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should know the practical operation and limitations of the equipment and associated
information technology, and have a basic knowledge of the physical principles of
image formation and interpretation of measurements on images. A medical physicist
should have a deeper understanding of the physical principles behind image forma-
tion, and be able to perform and interpret measurements of dose and image quality.
In order to achieve optimisation, the three specialities, together with other health-
care professionals who will sometimes be involved, must have mutual respect for
their individual skills and work together as a cohesive group (i.e. professionalism).
Unfortunately, at the time of preparation of this publication, the levels of knowledge
and skills in many countries are often inadequate to achieve good optimisation on
more complex digital radiology systems due to lack of resources. Increasing techni-
cal and computational complexity in radiology equipment and applications under-
lines the importance of multi-professional collaboration and dependency on the
combined knowledge of different professionals. Dedicated time must be made avail-
able for professionals to work together to meet emerging challenges in optimisation
as applications of new equipment are developed.

(d) Digital imaging provides the potential for images to be obtained with lower
exposures than previously possible using film screen combinations, enabling levels to
be adapted to the diagnostic requirements of specific examinations. New techniques
are continuously becoming available that can improve image quality and potentially
enable diagnostic images to be obtained with lower patient doses. As an example,
automated exposure control systems are continuously developed to be more effective
in ensuring consistent image quality while reducing patient dose by adapting the
radiation level to each procedure and the patient. However, all of these features
introduce additional complexities and require settings to be chosen correctly for
proper operation of software controls. If users do not deploy them effectively due
to limited awareness of their mode of operation, the doses received by patients may
not be optimal, but this will not be apparent to the user. Therefore, more complex
equipment requires knowledgeable staff with more extensive training for its opera-
tion. Knowledge and skills, in combination with the instruments and test objects to
evaluate the performance of the equipment, form the basis of optimisation (i.e.
methodology).

(e) A key component of optimisation is keeping the radiation dose to the patient
as low as reasonably practicable, while maintaining an adequate level of image
quality and diagnostic information. At the basic level, this requires regular assess-
ments of doses from groups of patients to determine the dose levels, and compar-
isons with diagnostic reference levels to confirm acceptability. Evolving technical
optimisation features and quality management systems will enable extension of the
optimisation process to individual patients and procedures based on clinical indica-
tion. Operators must have the knowledge and skills to use such features appropri-
ately, and if they do not, important opportunities will be lost. Such an indication and
patient-specific level of optimisation is applied routinely every day in radiology

16



Optimisation of radiological protection in digital radiology techniques for medical imaging

departments, and is a fundamental extension of the conventional optimisation prin-
ciple (known as ‘as low as reasonably achievable’) as applied to patients. Indication
orientation and patient specificity connect the optimisation process directly to the
justification process, and enable them to be mutually supportive and comprehensive,
forming a unitary process for radiological protection.

(f) Evaluation of image quality as part of quality assurance/quality control pro-
grammes typically involves evaluation of clinical images by an experienced radiol-
ogist, other appropriate radiological medical practitioner, or radiographer against
established good image quality criteria, and objective analysis of phantom images by
a medical physicist. Further net improvements could be gained in the future through
automated image quality evaluation based directly on clinical patient images, and
may involve artificial intelligence algorithms implemented directly into image
archives or imaging modalities. Regardless of the present or future methodology,
the process of measuring image quality involves many interdependent parameters
and, due to this comprehensive nature, is a pivotal part of the overall assessment of
performance. Results from evaluations of clinical image quality, coupled with results
from patient dose and image quality measurements, feed into the development of
examination protocols optimised for the clinical purpose. To ensure that optimisa-
tion processes are carried out consistently, management systems need to be in place
to confirm that measurements and assessments are made, to ensure that available
data from clinical use and performance measurements are used in making adjust-
ments to protocols to address any deficiencies, and to monitor the progress that is
made (i.e. process management).

(g) The degree to which any organisation has implemented optimisation in digital
radiology will depend on the personnel, facilities, and level of knowledge and expe-
rience available. Within the aspects of professionalism, methodology, and process,
there will be different levels of performance that radiology facilities will have
achieved. This publication sets out broad categories for the systems that would be
in place to achieve different levels of optimisation: Level D — preliminary; Level C —
basic; Level B — intermediate; and Level A —advanced. It is hoped that evaluation of
the arrangements that radiology facilities already have in place will provide a guide
to decisions about what actions should be taken next to improve optimisation of
their imaging service. It is also noted that these categories (Levels D, C, B, and A)
with increasingly advanced optimisation methods also reflect the increasing capabil-
ity to reach indication-oriented and patient-specific optimisation processes.

(h) There is a need for a cultural change in order to enable improvements and
developments in optimisation methods, and to avoid key processes being over-
looked. Optimisation will only be achieved through facilities investing in adequate
staffing levels to operate their imaging equipment, and providing the appropriate
training, together with continuing professional development opportunities for their
staff. This begins at the stage of entry into medical imaging professions with suffi-
cient courses for the education of trainees with opportunities to learn under the
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guidance of experienced practitioners. Knowledge and understanding are key to
successful optimisation of radiological imaging. The cultural shift towards multi-
professionalism required can only occur if the professional roles and competences
are built to support this fundamental shift.

(1) This publication provides guidance on the adaptation of levels of dose and
image quality to clinical tasks, taking advantage of the wide dynamic range offered
by digital imaging equipment. Practical aspects that depend on specific x-ray image
acquisition techniques are covered in a separate companion publication.
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1. INTRODUCTION

(1) Key points in this section:

e Image quality will affect diagnosis and so influence clinical risk, while radiation dose
involves a small health risk. The clinical risk from having sub-optimal image quality
because the dose used was too low is likely to outweigh the small additional risk from
the radiation dose necessary for sufficient image quality.

e Ensuring that patient doses are optimised is a challenge with images in digital form
because the appearance can be adjusted for optimal viewing, so it may be difficult to
determine whether the dose level is appropriate.

¢ Imaging equipment, such as computed tomography scanners and C-arm fluoroscopic
units, has become more complex. Successful operation, making use of resources
available to keep doses at a reasonable level, requires radiologists, radiographers,
and medical physicists with high levels of expertise, working together as a team,
while applying their unique sets of knowledge, skills, and competencies.

e Implementation of optimisation requires frequent monitoring and analysis of perfor-
mance, feedback of experience, and regular review to provide continual refinement of
the service to the patient.

e As more technical optimisation features, including artificial intelligence and quality
management systems, evolve, the optimisation process will extend to focus more on
individual patients and procedures based on clinical indication.

e Practical aspects and guidance on optimisation for the different x-ray imaging
modalities — radiography, fluoroscopy, and computed tomography — are covered in
a companion publication.

1.1. Background

(2) X rays have been used to obtain images of the body to aid in diagnosis of
disease since their discovery by Roentgen in 1895. X-ray imaging has provided an
invaluable aid in diagnosis, follow-up, and management of patient treatments, and
over the last few decades, with the rapid development of interventional techniques, it
has allowed many complex procedures in cardiology and in specialities dealing with
other parts of the body to be performed with reduced surgical intervention, improving
patient comfort and survival. X-ray imaging procedures are the most widely used form
of medical imaging, and make the largest contribution to human exposure to ionising
radiation from artificial sources. As such, an x-ray examination carries an associated
risk that, although not large, must be taken into account when patients are imaged.

(3) The benefits to the patient undergoing a radiological procedure that is going to
influence management of their treatment or aid in diagnosis will almost always
outweigh the risk resulting from the radiation exposure. The term ‘patient’ includes
not only persons undergoing medical treatment, but also volunteers subject to
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exposure as part of a programme of biomedical research. Similar principles with
regard to optimisation will also apply to planned non-medical imaging exposures
carried out for legal purposes of any kind.

(4) If there is no benefit from performing an exposure, it is not justified.
Awareness of associated risks has encouraged the development of facilities and
tools on equipment to allow radiation doses to be kept as low as reasonably achiev-
able (ALARA), consistent with the intended clinical purpose (i.e. according to the
traditional ALARA principle). Those using x rays need to understand the imaging
process and the interplay between equipment factors and settings, as well as being
trained in the practical techniques for use of information technology, in order to
ensure that patient radiation doses are kept to the minimum for obtaining the image
quality required for the specific imaging task. The need for this understanding has
become more crucial with the increased complexity of digital radiology techniques,
which include digital radiography, computed tomography (CT), and interventional
x-ray equipment, which can deliver significant radiation doses if used incorrectly.

1.2. Image quality levels and clinical diagnostic requirements

(5) Optimisation in simple terms involves achieving a balance between clinical
benefit and risk from radiation exposure. First and foremost, it requires provision of
clinical images for individual patients that are of sufficient quality to ensure accurate
and reliable diagnoses, so that correct care decisions can be made. In addition, the
radiation doses used in acquiring such clinical images should be adjusted so that,
while being adequate to produce the images, they are minimised to the level appro-
priate for the applied imaging technology.

h

= Total risk
= Radiation risk
=== Clinical risk

Minimum net risk
Optimisation paint

o Normalised net risk probability

Radiation dose or image quality

Fig. 1.1. The total net risk from a radiological examination is a sum of radiation risk and
clinical risk. The radiation risk is assumed to increase linearly with dose according to the
linear non-threshold model. Clinical risk is assumed to decrease with dose as the image quality
is improved to provide adequate clinical information. In this example, the clinical risk
decreases according to an exponential model, but there will be a lower limit where residual
clinical risk is maintained regardless of the imaging method. The minimum net risk for the
summed components will be the optimisation target point. Adapted from: Samei et al. (2018).
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(6) The level of image quality can affect the diagnosis, and the aim is to achieve a
balance between the clinical and radiation risks in order to minimise the overall risk.
In many imaging indications, the clinical risk related to possible sub-optimal image
quality from an examination, for which the exposure has been reduced more than it
should have been, is likely to outweigh the small additional risk from using a higher
radiation exposure. A patient will not benefit from an examination that is incapable
of visualising the appropriate pathology, and the dose will be wasted no matter how
low it might be. Thus, there could be a consequent clinical risk of misdiagnosis,
which may increase as image quality declines (Fig. 1.1); in such situations, there may
be a need to increase the dose (Samei et al., 2018). Therefore, while in the general
context of the System of Radiological Protection, optimisation is understood as
keeping doses ALARA, in the case of medical imaging, this means delivering the
lowest possible dose necessary to acquire adequate diagnostic images. This is best
described as ‘managing the radiation dose to be commensurate with the medical
purpose’ (ICRP, 2007a,c). Managing the radiation dose for any application requires
an understanding of the way in which an image is formed, and how different factors
influence both the image quality and the radiation dose received by the patient
(Martin et al., 1999).

(7) This publication addresses both radiation dose and image quality. Since
assessment of an image is both a clinical task and reader dependent, it is not a trivial
matter to decide what quality of image is adequate for the clinical task in hand
(NCRP, 2015). Significant reliance is placed on judgements made by radiologists
or other radiological medical practitioners, but opinions vary about image quality
requirements, and less experienced practitioners may need a higher level of image
quality to make a diagnosis. Thus, quantification that can aid in a decision about the
appropriate level of image quality is difficult when it is based on subjective evalua-
tion of image quality against quality criteria (Section 5.4).

(8) The tools used for measurement of image quality for image receptors during
performance tests relate to the ability to detect low contrast objects of varying size
and shape within a uniform background, and depend on the noise level and texture.
These cannot easily be compared and translated into analogous clinical tasks.
Research groups are investigating methods of image quality analysis that can be
more closely allied with clinical tasks using simulations with model observers or by
artificial intelligence (AI)-based methods (Section 5.3). Although the field is devel-
oping, there is still some way to go before such methods provide solutions which can
be implemented more widely in clinical practice, but their application is likely to be
important in the future.

(9) The optimisation process may involve not only selection of the appropriate
level of image quality, but tailoring the examination protocol to the clinical needs of
each individual patient (Samei et al., 2018). Decisions may have to be made about
the extent of the imaging required to answer the clinical question (e.g. this might
include the possible need for rotational three-dimensional (3D) imaging in image-
guided procedures). In some countries, this option is included in the initial
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justification, but reasons for electing to carry it out are part of optimisation. As more
technical optimisation features and quality management systems (QMSs) evolve, the
optimisation process will extend to focus more on the needs of individual patients.

(10) The ultimate objective is to maximise the benefit-to-risk ratio for the patient,
and is related to clinical effectiveness and, with more controlled scenarios, to clinical
efficacy. Since clinical outcome depends on a very large number of factors and
clinical data types, such outcome quantification cannot be done with any simple
model or modality. This will include Al algorithms, tailored to the needs of indi-
vidual patients; for example, based on physical characteristics and body habitus as
well as clinical indication. Adapting the protocol to individual patients will also have
to take their medical conditions/limitations into account. Therefore, a big data
approach using methods related to Al would seem to offer considerable potential
for the handling of such multi-dimensional data, constructed from many clinical
data types, and involving complex correlations and interdependencies, and is
likely to become increasingly important in the future. This would enable an
indication-oriented and patient-specific optimisation methodology to be imple-
mented as an organisation-wide and consistent process, with measurable effective-
ness and extensive use of other performance indicators.

1.3. Risks from radiation exposure due to medical imaging

(11) Something should be said about risks from radiation in order to establish the
context for optimisation. Potential effects of radiation exposure are tissue reactions
(deterministic effects that occur in the days, weeks, and months following an expo-
sure) and stochastic effects (risk of induced cancer or hereditary effects in the long
term). There will only be a risk of tissue reactions for interventional cardiology or
radiology for a very limited cohort of patients with serious medical conditions, who
undergo one or more complex procedures within a period of a few months.
However, there could be a risk of lens opacities from cumulative exposures of the
eyes to doses >500 mGy received over an extended period, and these may develop
with time (ICRP, 2012). Methods for the avoidance of tissue reactions are addressed
in Publications 85 and 120 (ICRP, 2000a, 2013a). In routine diagnostic imaging
investigations, the main concern when using x rays to image the body is the risk
of stochastic effects, especially cancer. Knowledge of the risks to human health from
radiation exposure is derived from epidemiological studies of populations exposed to
doses of radiation that are large compared with those from diagnostic imaging
exposures (ICRP, 2007b). The populations that can be included in such studies
are necessarily limited. The most important group is the surviving members of the
Japanese population who received substantial whole-body radiation doses when
atomic bombs were detonated over Hiroshima and Nagasaki. Over 100,000 of
these individuals have been studied in detail, and excess numbers of cancers have
been found. The group comprised a population of all ages and both genders, and the
Commission and other international organisations, such as the Biological Effects of
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Ionising Radiations Committee and the United Nations Scientific Committee of the
Effects of Atomic Radiation, use epidemiological data derived predominantly from
this group to estimate risks of cancer by extrapolating the dose-effect data down to
the lower dose levels used in medical imaging (ICRP, 2005, 2007b, 2021). Results
from studies on this group have shown that risks of cancer induction depend on the
organ irradiated. They also indicate that the risks are generally greater for children
and adolescents, and lower for those aged >60-70 years, primarily because their
expected life span is shorter.

(12) Although the evidence is derived predominantly from the atomic bomb
survivors, other studies on radiation workers in the nuclear industry, patients receiv-
ing high localised radiation doses from medical therapies, or individuals exposed
during radiation accidents provide further evidence that the risk exists. It is often
only through meta-analyses combining data from several studies that results for
population sizes with sufficient statistical power to show a link between radiation
and cancer are obtained. The epidemiological results are consistent with a linear
relationship between the risk of cancer induction and mean absorbed organ dose at
doses extending below 100 mGy. Based on this, for purposes of radiological protec-
tion, a linear non-threshold (LNT) model is used to extrapolate down to lower doses
in order to estimate potential risks (ICRP, 2005). Recently, the National Council on
Radiation Protection and Measurements (NCRP) has published a review of epide-
miological studies, including those of the atomic bomb survivors, pooled results for
nuclear industry workers, and data from other exposed populations, undertaken in
order to assess the quality of the data and evaluate the support that they provide for
the LNT model (NCRP, 2018; Shore et al., 2018). NCRP judged that, although the
risks are small and uncertain, the available evidence provided broad support for an
LNT model as the most pragmatic approach for radiological protection. Although
the atomic bomb survivors received their radiation dose as a single exposure at one
point in time, other populations such as nuclear industry workers were exposed to
small doses incrementally over time, and the cumulative value was tens of mSv
effective dose. In addition, more evidence is emerging from recent reviews of epide-
miological data that doses from exposures <100 mSv are associated with cancer
risks in both children and adults (Lubin et al., 2017; Little et al., 2018, 2022;
Hauptmann et al., 2020; Riithm et al., 2022). It is within this context that the risks
from medical exposures should be appraised.

(13) Medical imaging modalities are designed to investigate conditions that gen-
erally only affect certain parts of the body, so regions of the body irradiated in any
imaging procedure are localised. Moreover, the x rays are attenuated as they pass
through the body, so superficial tissues receive higher radiation doses than those
deeper within the body. Therefore, the organs and tissues irradiated and the distri-
butions of radiation dose within individual tissues are different for every type of
examination, and also depend on the size and shape of the body for each patient. As
individual tissues also vary in their sensitivity to radiation, this means that the risk of
any stochastic effect from every examination will be different, and will depend on the
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exact conditions of exposure, and the age and size of the patient (ICRP, 2021). The
mean absorbed doses to organs and tissues from diagnostic radiology are generally
in the range from fractions of a mGy to tens of mGy. The potential detriment to
health from sequences of exposures performed for diagnosis and management of
disease could be significant if dose levels are higher than they need to be or if
examinations are repeated unnecessarily, although patients form a sub-group of
the general population who may have other competing morbidities.

1.4. Justification and optimisation of medical exposures

(14) Publication 34 was the first publication by ICRP on clinical radiology during the
era of film screen radiography (ICRP, 1982). Since that time, radiological imaging has
become predominantly a digital medium, and the variety of modalities and techniques
for adjusting imaging parameters has increased substantially. The exercise of: (i) clinical
judgement in justifying the need for imaging; and (ii) technical skills in the optimisation
of radiological procedures directly reflect two of the fundamental principles of radio-
logical protection set out in Publications 103 and 105 (ICRP, 2007b,c).

(15) Justification requires the radiologist or other radiological medical practitioner
to weigh the expected benefits from imaging against the potential cost including
radiation detriment, and to consider available alternative techniques that do not
involve exposure to radiation. For radiological medical practitioners to make such
decisions, they should understand the clinical indications and the health status of
their patients in order to determine which imaging tests or fluoroscopically guided
interventions (FGIs) are appropriate. The process of justification in the medical con-
text will not be considered here, except in relation to highlighting the need for radio-
logical medical practitioners, whether they be radiologists or other clinicians, to
always be provided with the relevant clinical history for the patient who is to undergo
the procedure, in order that the justification process can take place. Collaboration
between the referring clinician or healthcare professional and the radiological medical
practitioner to provide the information about the patient’s condition is the first step
in the process, and is crucial for ensuring that the imaging task is adapted to the
clinical need of the patient so that optimisation is carried out satisfactorily.

(16) Optimisation is defined as the process of determining the level of protection
and safety to make exposures ALARA, with economic and societal factors being
taken into account (ICRP, 2007b). The Commission explained the concept and
principle of optimisation as applied to medical exposures in Publications 73 and
105 (ICRP, 1996, 2007c). These publications identified that the optimisation of
protection is usually applied at two levels in medicine: (i) the design and construction
of equipment and installations; and (ii) the day-to-day methods of working, which
also include the quality assurance (QA) programme to maintain performance with
audit of patient doses against diagnostic reference levels (DRLs) (ICRP, 2017).
They also recognised that many features that influence the net benefit to patients
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are outside the scope of radiological protection, including management structure,
financial provisions, and most aspects of building design and location.

(17) The two levels of optimisation outlined above are not sufficient to ensure that
the radiological protection of procedures is optimal, as there will be continual devel-
opment in equipment facilities and knowledge and skill of the operators that should
feed into a process of steady improvement. Therefore, the proper training of oper-
ators with periodic sessions to update knowledge on new techniques and improved
facilities on equipment is essential. Evolving technical optimisation features and
QMSs will extend the optimisation process to focus more on individual patients
and procedures based on clinical indication, which is an extension of the ALARA
optimisation principle as applied to patients (Oenning et al., 2018). Optimisation is
not a static process to be ignored and forgotten once it has been achieved. It requires
constant attention with frequent monitoring and analysis of performance, reject
analysis, feedback of experience, and regular review to provide continual improve-
ment in every aspect of the imaging process and refinement of the service to the
patient. This last component is key to achieving higher levels of optimisation.

(18) Technical requirements for optimisation for the various modalities used
within radiology, namely radiography, fluoroscopy, and CT, are very different.
Therefore, subsequent to Publications 73 and 105 (ICRP, 1996, 2007c), the
Commission has prepared publications that deal with practical aspects of optimisa-
tion of radiological protection in relation to the various medical imaging techniques
(ICRP, 2000a,b, 2004, 2007a, 2010, 2013a,b, 2015). The present publication consid-
ers the overall approach to optimisation in relation to digital radiology, rather than
the application of specific technological knowledge and practical methodologies.
The process requires clinicians and healthcare professionals to work closely together
within an organisation structured to aid improvement in order to achieve a level of
optimisation that is adequate for the purpose.

(19) Both justification and optimisation have become increasingly important with
the passage of time as part of the effort to ensure that patients receive the best-
possible service from their imaging departments. The two principles are to ensure
that patient doses are not only low enough to justify a particular examination, but
also, through optimisation, are kept ALARA without being reduced to the extent
that the level of image quality required for the clinical task is jeopardised. The
mutual connection between optimisation and justification may be strengthened
with more indication-oriented and patient-specific optimisation processes in the
more advanced categories described in this publication.

(20) Individual patients may undergo many imaging procedures from which they
could receive effective doses reaching hundreds of millisieverts (Brambilla et al.,
2020; Rehani et al., 2020). Although the majority of patients who receive recurrent
exposures will be in the later stages of life when risks will be less (Martin and
Barnard, 2022), there are some children with particular health problems that require
frequent follow-up with recurrent imaging. Particular attention should be paid to
developing care plans for these individuals in which the frequency and performance
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of imaging are optimised (IAEA, 2021a). Significant further reductions in dose from
recurrent imaging procedures may be possible through optimisation based on infor-
mation from earlier procedures.

(21) Furthermore, increasing access to diagnostic and clinical data by evolving
radiological information systems (RISs), picture archiving and communication sys-
tems (PACSs), and hospital information systems (HISs) will help to implement a
more advanced comprehensive process of justification and optimisation. The expan-
sion in the use of radiological imaging worldwide in recent decades, coupled with the
introduction of new digital technologies that require higher levels of expertise to
operate, makes the effective practice of optimisation techniques more important
than ever. The welfare of patients and the population at large will be enhanced if
radiation exposures resulting from x-ray examinations can be kept to a minimum
without reducing the medical benefits.

1.5. The scope for optimisation with digital imaging modalities

(22) Radiographic imaging is, in essence, a fairly simple procedure, with x rays
being used to produce a ‘shadow’ image of tissues in the body. As components of the
tissue attenuate the x rays to different extents, structures can be visualised within
tissues. The denser abdominal and pelvic tissues attenuate x-ray beams more than
lung tissue, but attenuation of the x-ray beams also depends on the energies of the x-
ray photons. Any potential health detriment will depend on the tissues and organs
irradiated, and the distribution of absorbed dose within them. Simple examples of
poor optimisation are if a larger field size is used for a radiographic exposure than is
necessary, or if a chest x ray is performed with a lower energy beam (e.g. 70-80 kV)
from which little scattered radiation is generated, but an anti-scatter grid is inserted
behind the patient which also attenuates the primary beam, as these will increase the
dose to the patient. Radiographers or radiological medical practitioners will operate
the imaging equipment, and the skill of these radiological professionals encompasses
selection of the best imaging exposure factors, equipment, and technique available
for each type of examination and personalised for each patient depending on their
size, shape, and weight. Approaches have changed as techniques with digital equip-
ment have evolved and become more sophisticated, with the need for a greater
knowledge of information technology and system software.

(23) The appearance of images recorded and stored in digital form can be adjust-
ed through post-processing to give an acceptable range of grey levels for optimal
viewing (ICRP, 2004). If a much higher dose is given than is appropriate, the image
may appear slightly better or essentially the same, but this may be difficult to deter-
mine from simply viewing the image. A high dose in digital radiography will not
produce a black image, as it would with film, so more attention needs to be paid to
monitoring dose levels.

(24) Digital images offer many advantages and have the potential to allow images
to be obtained with lower exposures, adapted to the diagnostic requirements of
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particular examinations. However, this facility is often not considered, and standard
image detector exposure levels are often used for a wide variety of examinations. The
relevance of image processing in digital radiology is more significant than might be
anticipated from a first glance, as the digital image data typically include a range of
thousands or even tens of thousands of grey-scale values whereas the human eye can
see <1000 separate grey-scale levels even in optimal lighting conditions and when
using advanced medical displays (Kimpe and Tuytschaever, 2007). Therefore, there
is the potential for digital image processing to enhance the features relevant to
diagnosis, and present them more clearly in the final images. Achieving the correct
balance between dose and image quality becomes a more complex task with the
additional need to understand the operation of the software controls. However,
proper application of digital radiology should enable sufficient image quality to
be achieved, often with lower dose levels.

(25) CT scanners have become more complex, and although they have more
capabilities to enable doses to be kept at a reasonable level, achieving this requires
a high standard of knowledge, skills, and scientific expertise from the healthcare
professionals involved in radiological imaging and optimisation. If these are not in
place, doses delivered to patients could be unnecessarily high without staff being
aware that anything is wrong. Even in countries with highly developed healthcare
systems, optimisation is frequently not fully implemented. For example, radiation
accidents involving tissue reactions from CT scanners have been reported in the
USA., where the necessary expertise might always have been expected to be available
(ICRP, 2007a; Martin et al., 2017). The availability of staff fully trained in use of all
the hardware and software features when new equipment is purchased is of utmost
importance.

(26) There have been substantial developments in the application of FGIs during
recent decades. These allow surgical procedures to be performed with less invasion of
the body than is required by conventional surgery, resulting in lower risks, shorter
recovery times, and lower costs (Maudgil, 2021). FGI is frequently the method of
choice for complex interventions by a variety of medical specialists (UNSCEAR,
2008), so the number of procedures has increased substantially. FGIs may be per-
formed in a variety of settings, and sometimes by radiological medical practitioners
with less training in radiological techniques and awareness of radiation exposure than
radiologists. In addition, the increasing complexity of the procedures that are now
possible means that longer exposure times may be required, which carry a potential
risk of radiation tissue reactions in the skin (ICRP, 2000a, 2010, 2013a; IAEA, 2010).

(27) As the level of sophistication develops, the variety and complexity of proce-
dures that are possible increases (NCRP, 2019), and the level of optimisation should
be increased in parallel. Recent technological innovations that are now being imple-
mented have the potential to provide a higher degree of optimisation through anal-
ysis of the levels of image quality necessary for imaging different organs, tissues, and
pathologies, and through the collation and analysis of image-related data. However,
effective use of these techniques requires that continual attention is paid to monitor
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the performance of equipment and develop examination protocols based on experi-
ence gained. Practical optimisation applied to the different imaging modalities will
be considered in a separate publication.

1.6. Adaptation of patient dose levels

(28) The dose that a patient receives from imaging should be consistent with the
clinical question that needs to be answered. Radiology and other medical imaging
facilities aim to keep doses at a reasonable level based on good practice, using
reference dose levels as a guide. To achieve this requires input from radiological
medical practitioners, radiographers, and medical physicists working together as a
team within an organisation that provides a structure which facilitates the process.
An important component of the optimisation process is having information on doses
that patients are receiving, and knowledge of whether these dose levels are
reasonable.

(29) Although many users may only have limited awareness of radiation doses for
the examinations they perform, dose is a quantity that can be measured or calculated
with relative ease. So, when optimisation programmes are set up, there can be a
tendency to place undue emphasis on dose reduction, which can be quantified or
read directly from the equipment, ignoring the potential detriment to the provision
of clinical information, which, in almost all cases, is a far more important factor for
the quality of care and effective clinical outcome.

(30) A tool that ICRP adopted over 20 years ago to aid in ensuring that doses for
procedures are at reasonable levels is the DRL, the application of which is described
in detail in Publication 135 (ICRP, 2017). This reference level provides an indicative
dose linked to requirements for good practice adopted among professional practi-
tioners across a country or region. DRLs can aid in the identification of x-ray
facilities where dose levels for an examination are higher than is appropriate,
through the making of comparisons between the median dose level in the facility
and the DRL. Radiology facilities should aim to keep their median dose levels for
particular examinations below the relevant DRL. More guidance on the use of
DRLs, including information about how DRLs are derived and applied, as well
as actions to be taken if they are exceeded, is given in Publication 135 (ICRP,
2017). DRLs provide a step along the road to optimisation, but are a tool; the
establishment of DRLs is not an end in itself. An efficient way to use DRLs is in
combination with patient radiation exposure monitoring systems, which have
become available from several providers, either commercial or for free use.
Exposure monitoring systems have also been actively developed to contain more
features, such as protocol management and connections to other hospital systems
(e.g. PACSs), that can contribute to making optimisation a continual process of
improvement.
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1.7. The process of optimisation

(31) This publication will aim to provide a general coverage of optimisation as a
process, and how this might be implemented in varying situations. The different
components of optimisation discussed in Section 1.4 are listed in Table 1.1. They
relate to the basic radiology installation and the working methods, but these will not,
in themselves, automatically lead to optimised imaging. More attention is given here
to different aspects of the process of optimisation, as experiences have shown that
several elements need to be in place if optimisation is to be achieved.

Table 1.1. Components of optimisation.

Levels of optimisation

e Design and construction of equipment and installations
e Day-to-day methods of working, including quality assurance programme and audit of
patient doses

Essential aspects to ensure a successful optimisation process

® Proper training of radiographers, radiologists, medical physicists, and other clinicians
operating x-ray equipment in their areas of competence with respect to new equipment
with improved facilities and software features, and periodic training sessions to update
their knowledge of new techniques

e Ongoing monitoring, review, reject analysis, and evaluation of imaging performance,
feeding into continuing improvement in every aspect of the imaging process

(32) Optimisation of radiological protection requires input from several groups of
staff with different skill sets, and these must have been acquired through proper
training. The staff groups need understanding from training and experience to be
aware of dose levels and their dependence on different factors that affect image
quality. They need to be able to make judgements and determine reasons for any
deficiencies, and be able to adjust protocols and procedures to address them.

(33) Optimisation also requires collaboration between the professional groups;
without this, progress is unlikely to occur. Performance tests on equipment may be
carried out by medical physics staff, but without feedback of information from
physicists to users, assessment of the optimal equipment settings, and adjustment
to clinical protocols, there will be little progress. Physicists might provide dose
information from surveys and trace technical aspects related to image quality, but
it is the radiographer and radiologist or other radiological medical practitioner who
can judge whether the quality of the clinical image is adequate. Unless the three
groups work together to identify when doses for any procedure are higher or sub-
stantially lower than expected, or the image quality is higher than necessary or too
poor for diagnosis, there will not be any change in practice. Encouraging staff
engagement in these aspects enables optimisation to become a habit that is part of
routine practice.
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(34) There need to be systems in place to manage optimisation, as follows: (i)
ensure that monitoring, review, and analysis of performance are part of an ongoing
process; (ii) establish and modify clinical protocols, taking account of available data;
and (iii) apply the results across the whole organisation.

(35) This publication considers how the different aspects of the optimisation
process might be addressed by radiology services and countries with varying levels
of infrastructure and optimisation tools. It attempts to provide guidance across the
full spectrum from countries with limited expertise through to advanced services
with access to patient radiation exposure monitoring and image quality assessment
software, taking into account the greater flexibility in image processing and presen-
tation afforded through new techniques. Section 2 will deal with management of x-
ray equipment through its life cycle. Section 3 will examine the structure of the
optimisation process. Section 4 will review practices in measuring and analysing
patient dose data. Section 5 will consider the assessment and requirements for
image quality in more detail than in previous reports. Finally, Section 6 will consider
the requirements and provision of training, which is a key element in establishing a
successful optimisation programme.

(36) The target audience for this publication includes not only radiologists,
radiographers, medical physicists, cardiologists, other radiological medical practi-
tioners, and healthcare professionals operating x-ray equipment, who deal directly
with the processes described, but also managers involved in allocation of resources
for equipment and training, x-ray equipment vendors, x-ray engineers, applications
specialists, and regulators.
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2. THE X-RAY INSTALLATION AND X-RAY EQUIPMENT LIFE
CYCLE

(37) Key points in this section:

e The equipment life cycle is a well-understood concept, and describes medical equip-
ment, including imaging equipment, from ‘cradle to grave’. All of the stages in the
life cycle of equipment are important, and include justification, acquisition, instal-
lation, acceptance, commissioning, user training, clinical use, and disposal or alter-
native use.

¢ Professional skills, methodology, and process play a vital role in management of the
equipment life cycle; understanding and managing this appropriately is essential if
optimisation is to be achieved.

e Optimisation is a continual process and is inextricably bound up with the minutiae of
the imaging equipment life cycle. Each element of the life cycle contributes to suc-
cessful optimisation. Quality assurance of the whole system helps to ensure that this
is achieved through focusing attention on the many different aspects of performance
that need to be maintained.

2.1. The life cycle of medical imaging equipment

(38) Setting up a new x-ray imaging service, or replacing an existing service,
requires careful planning by a team that includes radiological professionals, radiol-
ogy managers, facilities personnel, and clinical engineers. The equipment life cycle is
a well-understood concept, and describes medical equipment, including imaging
equipment, from ‘cradle to grave’. X-ray equipment is procured through a tender
process wherein equipment suppliers are invited to submit a bid to supply the equip-
ment or services. The team needs to prepare a technical and operational specification
based on the clinical requirements, stating what the equipment is to be used for,
where it is to be installed, the major system components, any accessories (such as
contrast injectors and QA test objects) that might be required, and include the
maintenance and repair arrangements. They should also agree an evaluation/scoring
system to select the equipment that meets their needs. Once a contract has been
agreed, the equipment will be installed and commissioned according to agreed stand-
ards, with personnel trained in its use, and a QA programme put in place to ensure
that standards are maintained.

(39) The initial conception of the clinical need for medical imaging must first be
developed into a proper robust justification for procurement. This is the embryo
stage of the life cycle shown at the top of Fig. 2.1. The life cycle of imaging
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equipment should be included in a healthcare organisation’s planning process, which
should aspire to incorporate a systemic approach to the procurement, deployment,
maintenance, quality control (QC), repair, and disposal or alternative use of imaging
equipment. Every stage in the life cycle is critical in terms of optimisation of patient
protection. Professional skills, methodology, and process all play a vital role in the
management of the equipment life cycle; understanding and managing this appro-
priately is essential if optimisation is to be achieved.

(40) Fig. 2.1 shows the basic life cycle of x-ray equipment, and how it involves a
continual sub-cycle to maintain performance and improve optimisation once the
equipment is put into clinical use. It also shows the acquisition process in some
detail; appropriate acquisition is essential if optimisation is to be achieved. The
stages are described below, with an emphasis on relevance to optimisation.

Justification
of new Procurement
equipment \
Procurement
1=
R\t
Enabling and

I Acquisition
Contract
Installation

Fig. 2.1. The imaging equipment life cycle.

2.2. Acquisition of x-ray equipment
2.2.1. Justification of equipment

(41) The stages in the life cycle of equipment include justification, procurement,
installation, acceptance, commissioning, user training, clinical use, and disposal or
alternative use. The procurement of all medical imaging equipment should be justi-
fied in terms of clinical need and radiation dose. Justification should be evidence
driven, and should consider present and future clinical applications and revisions of
workflow whilst ensuring that there is no unnecessary proliferation of equipment.
Justification of new or replacement equipment requires the involvement of radiol-
ogists or other medical radiological practitioners, radiographers, medical physicists,
and administrators.
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2.2.2. The acquisition and procurement process
2.2.2.1. Specification

(42) Once procurement of equipment has been justified, it is essential that a full
performance specification of the entire system is established before any purchases are
made in order to reduce the possibility of inappropriate devices being purchased. In
the context of optimisation, the performance specification should include consider-
ation of the intended clinical use of the equipment and technical requirements relat-
ing to patient dose and image quality.

(43) The type and amount of training required should be specified, as should the
manner (e.g. procedures and their resulting technical documentation) in which the
manufacturer/installer demonstrates that the equipment supplied meets the perfor-
mance specification and local regulatory requirements (see Section 2.3.1).
Maintenance requirements should also be included in the specification, as should
detail of any regulatory requirements that the equipment will be expected to meet.
Delivery timescales should also form part of the specification.

(44) Specification is a task that requires input from radiologists or other medical
radiological practitioners, radiographers, managers, medical physicists, information
and communications technology (ICT) professionals, engineers, and procurement
experts. The specification document should address the issue of enabling any infra-
structure work required; for example, what level of connectivity is required for the
equipment to function appropriately, and how will the vendor address those require-
ments within the organisation’s ICT infrastructure? Specifications should also
include the resourcing and vendor activity involving the initial optimisation of
equipment imaging or exposure protocols. This will ensure that the purchase not
only includes the technology and applications, but also the correct setting of the
technology that is appropriate for the first practical phase of optimisation. In our
modern world with wide connectivity to networks, it is also important that data
security and data safety issues are considered in the specification.

(45) In the case of used or refurbished equipment, the specification should be clear
that the equipment should function as originally intended, and meet all the perfor-
mance and safety requirements that it did when new. IEC 63077 describes and defines
the process of refurbishment of used medical imaging equipment (IEC, 2019b).

2.2.2.2. Tender, evaluation, and acquisition

(46) A tender comprises the specification and terms and conditions under which
the equipment is to be procured. A tender is normally issued after a call for expres-
sions of interest is issued to potentially interested parties. Responses to the tender
will form the basis for the evaluation process, so it is important that the questions
posed by the specification document and stipulations regarding terms and conditions
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are formulated correctly. The tender may require the vendor to identify options for
the disposal of redundant equipment.

(47) On receipt of tender returns, a multi-disciplinary group comprising radiol-
ogists or other medical radiological practitioners, radiographers, radiology manag-
ers, medical physicists, biomedical engineers, ICT professionals, and procurement
experts should convene to consider the responses from those vendors offering their
products. Evaluation should be carried out in an objective manner against prede-
termined criteria to maintain neutrality and to ensure that the most optimal equip-
ment or system is chosen. After evaluation, a purchase order can be placed, and
lead-in times identified. The contract should address all the items included in the
specification and the associated terms and conditions, including the initial protocol
settings.

2.3. Enabling and installation of x-ray equipment

(48) Enabling and installation works are essential components of the equipment life
cycle. Planning and construction of the x-ray room, protection, and electrical and
other services all need to be prepared beforehand, and consideration needs to be given
to facilitating the appropriate movement of the patient and positioning of the attend-
ing staff. If the installation is not completed correctly or the correct infrastructure and
building work is not carried out appropriately then at best delays will be encountered.
There are likely to be ongoing issues throughout the life of the equipment. Basic
connectivity issues and possible mitigation should be identified at this stage, as
should issues around licensing and registration (WHO, 2019).

2.3.1. Acceptance

(49) Acceptance testing is the process whereby the purchaser satisfies themselves
that the equipment supplier has provided what has been ordered, that it is safe to
use, and that it functions according to the manufacturer’s and purchaser’s specifi-
cation. This will involve both medical physicists and radiographers, in consultation
with radiologists or other medical radiological practitioners, and will include iden-
tifying the inventory, and performing electrical and mechanical safety checks.
Regulatory requirements may require demonstration of radiation safety, which
should be carried out at this stage. Acceptance tests often involve quantitative
measurements to demonstrate that the equipment specification is met. These tests
are vendor-specific and follow the vendor’s methodology. Information technology
(IT) connectivity and configurations to PACSs and other relevant IT systems (e.g.
image processing workstations and analysis servers) should also be verified during
acceptance testing.

(50) Depending on the complexity of the equipment and its specification, the
manufacturer/equipment supplier may be best placed to demonstrate conformity
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with certain aspects of the specification. For example, if the equipment specification
quotes a modulation transfer function (MTF) at a particular spatial frequency, the
installer can reasonably be expected to demonstrate this in some way, which may be
by presenting the factory test sheet or direct measurement. Section 2.2.2.1 discusses
specification during the procurement phase. The presence of operator and service
manuals should be verified at this stage.

2.3.2. Commissioning

(51) In the commissioning phase, the purchaser should ensure that the equipment
is ready for clinical use, and establish baseline values against which the results of
subsequent routine performance tests (constancy or QC tests) can be made (IPEM,
2005; Stevens, 2021). The set of QC tests should guarantee that the system param-
eters, modes, and programmes are optimised for the intended clinical use, and their
deviations during the life of the equipment are within acceptable limits. Protocols to
be used for performance testing purposes should be identified; if clinical protocols
are to be used for performance testing purposes, commissioning should not take
place until they have been installed.

(52) After any major work on the equipment, the relevant baseline test may have
to be repeated; for example, when a detector or x-ray tube is replaced.
Commissioning should also address issues of interoperability in the case of highly
complex digital imaging equipment (AAPM, 2019b).

(53) Clinical protocols for acquiring images should be evaluated at the commis-
sioning phase, and checked for consistency with other equipment operated by the
healthcare organisation to ensure that, to as great a degree as possible, there is a
systemic approach to imaging. In the case of digital radiography, for example,
expected values of exposure index and technique factors should be established for
routine examinations. Another example is that of CT, where all examinations for
specific clinical indications in an organisation should be performed with similar
protocols, or protocols matched to give as similar a level of performance as equip-
ment factors permit. As mentioned before, the purchase should not only include the
technology and applications, but also the optimised initial setting of the technology
for clinical use.

2.3.3. User training for clinical use

(54) User training is critical for safe, optimised use of any imaging equipment.
Organisations should have a policy for user training that should be part of the
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quality management programme, where one exists. Vendors have responsibility for
providing users with training that includes a full understanding of imaging options
available that can enable full optimisation. Initial user training should ideally be
provided by the representative of the installer/manufacturer (applications specialist)
following acceptance and before the equipment is put into clinical use. Different
users may well require different levels of training; for example, medical physics
personnel may be required to use equipment in service or similar modes. It is
fairly likely that some end users of the equipment will not be able to receive this
initial training, which should also be given to anyone who is required to use the
equipment after installation, including qualified medical physicists. In this case,
training should be delivered by an agreed cascade process. It is important that the
most educated ‘superusers’ are identified for dissemination of user knowledge, and
should provide practical guidance for subsequent refinement of protocol optimisa-
tion as members of the local multi-professional team.

(55) Users need to understand the intended use and normal functioning of the
device in order to use it effectively and safely. Training should cover requirements
for equipment once in clinical use. For example, the UK Medicines and Healthcare
Products Regulatory Agency (MHRA, 2015) requires that, where relevant, training
should cover:

e any limitations on equipment use;

e how to fit accessories and be aware of how they may increase or limit use of the

device;

how to use controls appropriately;

the meaning of any displays, indicators, alarms, etc., and how to respond to them;

requirements for maintenance and decontamination, including cleaning;

how to recognise when the device is not working properly, and know what to do

about it;

e understanding the known pitfalls in use of the device, including those identified in
safety advice from government, vendors, and other relevant bodies; and

e understanding the importance of reporting device-related adverse incidents (a
fault book or similar should be linked to the equipment, and should include
details of faults and when they were rectified).

Training should be recorded for quality, continuing professional development
(CPD), and safety purposes.
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2.4. Operational requirements for x-ray equipment in clinical use

2.4.1. Quality control

(56) QC in medical imaging is a continual multi-disciplinary process, and should
not be confined to performance or compliance testing. QC involves collecting and
analysing data, investigating results that are outside the acceptable tolerance levels
for the QC programme, and taking corrective action to bring these results back to an
acceptable level (Jones et al., 2015). The establishment of equipment performance
and a QC programme constitute a tool in the process of optimisation of all radiology
equipment. A QC programme should be structured, and should involve radiologists
or other medical radiological practitioners, radiographers, and medical physicists. A
medical physicist or a senior radiographer should be appointed to supervise the
whole programme, to oversee the records, and to review the data, especially in
larger departments (IPEM, 2005; Stevens, 2021). Ideally, a QC programme should
form part of a wider, managed, QA programme (see Section 3.7).

(57) The move to digital imaging has resulted in a need to change the approach to
QC in a radiology department, especially, but not exclusively, in the field of plain
film imaging. In traditional ‘pre-digital’ imaging, the film itself acted as a final
QC tool. Inappropriate exposure or processing would result in a film being
marked as ‘reject’. This is no longer the case. However, standardised tools are
now available to identify inappropriate exposures, and these should be put into
routine use. Reject analysis and artefact identification should form an essential
part of radiographer-led QC.

(58) Many QC measurements may be undertaken by radiographers, but the pro-
gramme, especially for more complex systems, should be performed with the guid-
ance and advice of a qualified medical physicist. The radiographers and medical
physicists should understand how the system works, its characteristics, modes of
operation and image acquisition, image quality requirements, and image processing
for different clinical programmes and clinical uses. In addition, they should be able
to interpret test results and advise on parameters to be measured. Close cooperation
with the equipment vendor and service engineers is needed, as well as involvement of
clinical staff operating and using the equipment.

(59) Routine performance testing should include task-specific evaluation of the
imaging system to reflect the intended clinical use of the equipment, and to guaran-
tee the production of required image quality at a reasonably low dose, commensu-
rate with the desired clinical outcome. The test results should be compared with
baseline performance values recorded at installation, and there should be criteria for
acceptable changes in performance. These limiting values and the test frequency
should be specific to the clinical task for which the equipment is used. If, during
the life of the equipment, the clinical use of the equipment changes, that will require
a change to the system settings and default programmes, and the QC baseline values
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and the QC programme will need to be modified accordingly. These tests should be
carried out at regular intervals, or after service or repair.

(60) The level of complexity of the performance test often dictates who performs
it and how often it is performed. In some regions, performance testing is split into
two levels: Level 1 and Level 2. Level 1 tests are generally of a simple pass/fail
nature, and do not require sophisticated test equipment or analysis. They are per-
formed by radiographers at regular intervals that may be weekly or even daily
depending on the equipment. Level 2 tests are carried out less frequently, perhaps
at intervals of 6, 12, or even 24 months depending on the complexity of the system,
and require more resources and expertise. They are usually performed by a medical
physicist, biomedical engineer, or vendor service engineer (IPEM, 2005; Jones et al.,
2015), and the results are reported to radiology staff. Medical physicists should also
undertake investigations when regular Level 1 QC tests identify performance factors
that are out of tolerances, and after any relevant changes in the system’s acquisition
(e.g. an x-ray tube change) or major post-processing software updates.

(61) Simpler tests of image quality characteristics are based on observer evalua-
tion using test objects (AAPM, 2001; IPEM, 2005; Stevens, 2021), and the user
should follow guidance on use of the specific object and be aware of its limitations.
Reproducibility of the measurement conditions, including geometry, exposure set-
tings, and the viewing conditions, could have a significant impact on the results.
More detailed image quality assessment may involve physical measurements to define
conventional system characteristics, such as contrast, noise, and resolution parameters
represented objectively by technical parameters such as MTF, noise power spectrum
(NPS), and detective quantum efficiency (DQE) (Annex A). The future trend is
towards more clinically realistic test objects that enable task-based evaluations of
system imaging performance (see Section 5.3.3 and Annexes B, C, and D).

(62) Optimisation is a continual process and is inextricably bound up with the
minutiae of the imaging equipment life cycle. Each element of the life cycle contrib-
utes to successful optimisation. QA of the whole system helps to ensure that this is
achieved through focusing attention on the many different aspects of performance
that need to be maintained.

2.4.2. Upgrades and refresher training

(63) Upgrades occur at all points during the life cycle of imaging equipment. It is
important that the purpose of an upgrade is understood by users and radiology
management. It is equally important that appropriate commissioning tests are per-
formed after an upgrade (software or hardware), and that staff groups are properly
trained, either by an applications expert from the company or via cascaded docu-
mentation, as training is critical for safe, optimised use of any imaging equipment.
Staff should be provided with refresher training throughout the life of the equipment
and after any upgrade. All training should be recorded, which might be through a
QMS to provide ready access and traceability.
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2.4.3. Safety issues

(64) An adverse incident is an event that causes, or has the potential to cause,
unexpected or unwanted effects involving the safety of patients or other persons
(MHRA, 2015). In the context of the optimisation of medical imaging, the definition
of adverse incident could include exceeding a notification level for deterministic
effects in an FGI (NCRP, 2010; ICRP, 2013b). Equally, any overexposure to a
patient (or staff member) that required reporting to a regulator would count as a
safety issue. However, it is important to consider incidents with the potential to
cause harm, so near-miss evaluation and local adverse event reviews should be inte-
gral to the routine use of medical imaging equipment.

2.4.4. Contract management and maintenance

(65) All medical imaging equipment must be maintained appropriately.
Equipment often comes with a limited warranty, providing maintenance to vendors’
specifications for a set time. In addition to this traditional model, there are other
arrangements such as those whereby equipment purchased is part of a comprehen-
sive supply and ongoing maintenance and repair arrangement for a set period (i.e. a
‘managed service contact’). Whatever the model, subsequent arrangements should
be made using an evidence and risk-based approach to decision making — costs alone
should not be the determining factor. Decisions about maintenance and contract
management are often made by radiology management, and it is important that
these key stakeholders understand the clinical implications of any decisions made.
Maintenance contracts should be specific and auditable, and those personnel
(in-house or external) performing service and maintenance should be adequately
trained and competent on the equipment they work with. Appropriate calibration
of measuring equipment used in maintenance (to verify the performance or radiation
output of the imaging equipment) should be a requirement of maintenance con-
tracts. Contracts must ensure that schedules are available for planned preventative
maintenance (PPM), and when equipment is returned to clinical use from either
PPM or repair, service personnel should leave an indication of what changes they
have made and whether those changes could affect patient dose or image quality. If a
repair or PPM has resulted in a potential change to image quality or dose, the
radiographer should perform a predetermined QC test in collaboration with, or
with advice from, a qualified medical physicist to confirm that the equipment is
safe to return to clinical use.
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2.5. The end of clinical use and equipment disposal

(66) At some point during its life cycle, the equipment will become a candidate for
retirement and disposal. This may be, for example, because it can no longer be
repaired or be brought economically back to acceptable specification by the manu-
facturer, it is no longer supported by the manufacturer, a lease or managed service
contract has expired, it is obsolete, its clinical performance is no longer sufficient for
the task, or repurposing is required. At that point, a decision to remove it from
service might be made. However, a policy on removal from service is an essential
part of device management (MHRA, 2015), and planning for replacement should be
in hand before any decision is necessary. The planning cycle should include consid-
erations on the justification for the new equipment that is to be obtained, and go on
to consider all of the other items in the equipment life cycle identified above. The
cycle should consider Health Technology Assessments where they exist.

(67) Due to their diversity and complexity, there are many methods for disposal
of medical devices such as x-ray equipment. Options range from scrappage to resale
for subsequent reuse. In most cases, consultation between the user and manufacturer
or perhaps prospective reseller is critical, especially for high-technology items, in
order to decide the best method for disposal (WHO, 2017). No equipment should be
scrapped without appropriate consideration of environmental impact and relevant
regulatory controls.

(68) Charitable donations of x-ray equipment can be very helpful; may improve
the efficiency of health facilities; may save the costs of purchasing new equipment;
and may make some diagnoses or therapies accessible to patients, especially in
resource-limited settings. Such donations can also cause health risks if their safety
and performance are not verified prior to donation. They should also be furnished
with full documentation sets in the correct language. The donor should ensure that
the infrastructure exists for appropriate and cost-effective maintenance and QC in
the recipient country. As emphasised earlier, used or refurbished equipment should
function as originally intended, and meet all the performance and safety require-
ments that it did when new (IEC, 2019a).

(69) According to the World Health Organization (WHO), quality problems
associated with donated medical devices have been reported in many countries.
These problems often result in receiving countries incurring unwanted costs for
maintenance and disposal, and may also create the impression that the equipment
is ‘substandard’ and has been ‘dumped’ on a receiving country (WHO, 2017).
Specific advice on the donation of medical imaging equipment can be found in
WHO (2011) and THET (2013).

(70) All donated equipment should meet the suitability criteria defined by WHO
(2011), namely:
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the equipment is appropriate to the setting;

the equipment is good quality and safe;

the equipment is affordable and cost-effective;

the equipment is easy to use and maintain; and

the equipment conforms to the recipient’s policies, plans, and guidelines.
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3. THE OPTIMISATION PROCESS

(71) Key points in this section:

The areas that need to be tackled first to improve optimisation in any facility depend
heavily on the available tools, the technical infrastructure, and the multi-professional
expertise available.

A layered approach has been used to identify resources and activities added as a
radiology facility develops more of the requirements for optimisation. The layers tran-
sition from Level D — preliminary, for centres that are in the very early stages of
optimisation, through Level C — basic, Level B — intermediate, and Level A — advanced.
The three aspects for developing goals and development steps in optimisation are:
— professionalism (professional skills and collaboration);

— methodology (methodology and technology); and

— processes (organisational processes and documentation).

Levels D to A achieved within each component will vary in different facilities, and
can give an indication of progress made so far.

Each unit must decide on priorities, based on the level of performance (Level D, C,
B, or A), the equipment, tools available, staffing and level of expertise, prevalent
disease issues, and budgets. The analysis should be used to set objectives that are
achievable within the organisation.

Professionalism covers the behaviours, attitudes, roles, and, in this context, a pos-
itive radiation protection cultural approach of management, radiologists, other
radiological medical practitioners, radiographers, medical physicists, and supporting
professionals. Through developing collaboration, staff should aim to move away
from traditional, hierarchical cultures to multi-disciplinary approaches with multi-
professional teams to enable continuous improvement.

Methodologies should move from basic performance tests and evaluations to multi-
modal monitoring of performance and functions, eventually using patient-specific
parameters linked to care outcomes with more clinically relevant metrics for eval-
uating image quality and clinical information.

Systematic processes with documentation should be implemented to ensure that
results from performance testing, clinical surveys, and patient dose audits are used
in review of protocols, and aim eventually to achieve harmonisation of organisation-
wide protocols utilising the connectivity provided by information technology systems.
The Commission recommends that facilities should analyse arrangements they have
in place to identify which of the criteria set out in Tables 3.1-3.3 they fulfil currently,
and use this to guide decisions about what actions need to be taken next to progress
the optimisation process in their organisation.

A quality management system can provide a framework to facilitate a systematic
organisational approach through aiding the identification of risks and possibilities
for improvement, and so establishing a strategy to aid the achievement of
optimisation.
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3.1. The status of optimisation and the challenges

(72) The areas that need to be tackled first to improve optimisation in any facility
depend heavily on the available tools, the technical infrastructure, and the profes-
sional expertise available. At the present time, the majority of facilities around the
world do not have the necessary tools, teams, or expertise to fully embrace optimi-
sation and take it forward to the same end-point. There are specific concerns when
digital imaging equipment is introduced into centres for the first time. The replace-
ment of older equipment with digital equipment often creates a perception that the
digital equipment is ‘intrinsically’ better and safer just because it is newer or digital.
However, the dose levels could be unreasonably high or too low without anyone
realising, because the grey-scale images are scaled based on the recorded data. What
is important depends on the available tools and expertise. Lower-income countries
with less-developed facilities may not have the capability of making full use of
methods that are accessible to them with the existing technical infrastructure and
limited availability of multi-professional expertise.

(73) Access to diagnostic imaging facilities enables accurate diagnosis, treatment,
management, and optimal outcomes, but this is limited in lower-income and low—
middle-income countries, and in some rural parts of high-income countries, due to a
lack of adequate resources (DeStigter et al., 2021). However, access to imaging
services needs to be developed at every level of the health system. This includes
provision of radiographic x-ray equipment for community primary healthcare serv-
ices, as this is a mainstay for the investigation of common conditions such as pneu-
monia and fractures in many parts of the world, as well as CT and interventional
equipment in specialised hospitals.

(74) This publication attempts to address this range through introduction of a
layered approach with resources and activities being added as a radiology facility
develops more of the requirements for optimisation (Fig. 3.1). An imaging service
would move upwards through Levels D to A as more aspects to improve optimisa-
tion are added or achieved. It is hoped that imaging facilities will be able to identify
arrangements that they have in place, and use the information provided to prioritise
the next step. When a primary care radiography facility is set up, this would be at
Level D, and basic prescriptive requirements in terms of staff and equipment would
need to be put in place to achieve optimisation at Level C. The majority of estab-
lished x-ray facilities are likely to be at Levels B and C, and the aim to achieve Level
A will require considerable development of multiple aspects of the service.
Regardless of level, optimisation requires a continuous process of improvement
through a quality dose management programme. The model of level-based imaging
optimisation is designed to inform and guide policymakers and radiology managers
in prioritising requirements and budgetary decisions.
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support ond lack of established quality criteria
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practice and limited documentation of procedures

Qccasional reporting of image quality based on
clinical images

Fig. 3.1. Illustration showing layers linked to resources and activities in the implementation
and development of optimisation within a radiology department. DRL, diagnostic reference
level.

3.2. Steps in the development of optimisation

(75) Optimisation depends on a comprehensive set of factors which have to work
together in order to reach a continuous and effective process. Continuous improve-
ment and consistency of the outcome do not occur with separate functions in com-
partmentalised environments. The goals and development steps can be described in
terms of three different perspectives or aspects in the order in which they would
evolve chronologically:

e professionalism (professional skills and collaboration);
e methodology (methodology and technology); and
e processes (organisational processes and documentation).

(76) This is a development of proposals by Samei et al. (2018). Within each of
these areas, there are different levels of performance and optimisation that radiology
facilities will have achieved. A combination of multi-professional skills, utilisation of
clinically relevant parameters for measurement and evaluation, and integration with
organisation-wide processes with continuous monitoring are required to enable an
effective optimisation process. Fig. 3.2 sets out broad categories for the system that
would be in place to achieve different levels of optimisation.

45



ICRP Publication 154

Hormonised activities,

systematic testing for dose and = Versatile joint B Intermediate
& documentation, image quality in relation £ tasks and responsibilities
k:d dose audit with DRLs to clinical indication 9

_*0 - Basic dose and image qualit G .g} _________

L/ isolated site-specific activities £ ged Y L Rigid professional reles and C Basic

d sporadic documentation Portombnes sestig teditional orassatisnal hisnchy
e Adoption of DRLS s
| Preliminary Stage — Pre-optimisation lavel, setting up of basic infrastructures | D
PROCESSES METHODOLOGY PROFESSIONALISM

Fig. 3.2. The three main components in the development and maturation of optimisation.
Processes are placed on the left, as once the system has been set up, these would set in motion
the performance of other tasks. The levels represent different stages in achievement moving
upwards from Level D towards Level A. Level D represents a basic infrastructural level as a
prerequisite for initiation of the optimisation process. Levels A, B, and C set out the arrange-
ments that will be in place for each component when that level is achieved. DRL, diagnostic
reference level.

(77) The first step is for facilities to evaluate the arrangements that are in place,
using this system to identify how much of each component they have in place in
order to guide them in decisions about what actions need to be taken. Use of the
model can be flexible, in that it might potentially be applied either to x-ray rooms
within a single hospital, or to several facilities that come under the management of
one organisation. The levels achieved within each component have been labelled
Level A — advanced, Level B — intermediate, Level C — basic, and Level D — pre-
liminary for centres that have been set up recently. The layer levels currently fulfilled
and those that it is possible for different facilities to achieve will vary by facility type
and by country.

(78) Facilities may be at different levels in the three components in Fig. 3.2. For
instance, medical physicists may undertake all the compliance testing needed to
check that dose and image quality performance is maintained, but communication
channels with radiographers and radiologists may be limited, perhaps because test-
ing is done by an external medical physics group, and arrangements may vary from
one facility to another within a multi-site organisation. Thus, the levels within the
model would be: professional skills, Level C; methodology, Level B; and processes,
Level C. Taking another example, there may be a medical physicist based within the
radiology department with regular communication with other specialities, but still
undergoing training and accumulating experience, who has only limited equipment
for testing x-ray equipment performance, and still developing arrangements with
other sites. The levels for this organisation within the model would be: professional
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skills, Level C; methodology, Level C; and processes, Level C, but with the potential
to move to Levels B, B, and B and onward over time.

(79) The next step in the improvement process in each aspect will depend on the
level (Level D, C, B, or A) of performance for the facility, linked to the professional
expertise, technical optimisation tools available, and organisational infrastructure.
Level C for each component represents a basic acceptable standard of performance,
and the starting blocks that need to be in place for the optimisation process to move
forward. However, there are many centres throughout the world that will not be able
to achieve this basic level at the present time, because of limited input or skills of
professional groups, particularly medical physicist availability (professional skills),
limited equipment and experience in performance testing (methodology), or an inad-
equate organisational support network with only ad-hoc arrangements to address
failures (processes). For facilities in this preliminary stage (Level D), the personnel,
tools, and structure will need to be put in place to start the optimisation process.

3.3. Professional collaboration and the team approach

(80) Professionalism covers the behaviours, attitudes, and roles of management,
radiologists, other radiological medical practitioners, radiographers, medical phys-
icists, and supporting professionals. Through developing collaboration, staff should
aim to move away from traditional, hierarchical cultures to multi-disciplinary
approaches with multi-professional teams to enable continuous improvement.

(81) This section will cover the main professional roles of those involved in opti-
misation, starting from management and including radiologists, other radiological
medical practitioners (especially those carrying out interventional procedures),
radiographers, medical physicists, and supporting professionals such as nurses,
vendor application specialists, biomedical engineers, data scientists, and IT and
informatics specialists. It will show the path from traditional and hierarchical organ-
isational cultures to more multi-disciplinary and jointly organised tasks, finally
reaching multi-professional teams to ensure continuous improvement of knowledge
in the fast-developing field of medical imaging. To enable improvement and devel-
opment in optimisation methods and processes, there must be a cultural change,
strong leadership, and organisational buy in. A cultural shift towards multi-
professionalism can only occur if the professional roles and competence are built
to support this fundamental shift. Although much of this publication refers explicitly
to radiologists as the predominant clinicians using x rays, similar principles of col-
laboration and a team approach apply to cardiologists and other radiological med-
ical practitioners involved with the operation and use of x-ray equipment.

(82) Features which may provide indicators for this evolving culture are consis-
tency, a systematic approach, and coherence. Consistency means that tasks are
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performed according to the same set of rules and principles, regardless of time and
location. It also refers to consistency of quality where the variation is reduced to
produce more homogeneous outcomes. A systematic approach means that all oper-
ations are planned and can be described as processes, and duty assignments and
responsibilities are clearly determined. Coherence refers to the principle that ‘each
piece of information is only stored in one location with regular back-ups of data’,
aiming to avoid contradictory or overlapping information.

(83) However, these cultural and system aspects are dependent on more funda-
mental levels of safety and trust within an organisation. This can be seen as an aim
to move towards an open and non-incriminating culture where faults and deviations
do not lead to personal accusation, but to a search for any faults in the process so
that they can be fixed. Thus, any deviations are actively reported to enable corrective
actions. Leadership commitment is a prerequisite for this cultural maturity, which
ultimately lays the foundation for other development areas of optimisation: meth-
odology and processes.

(84) Management plays a key role in the organisation and staffing of the radiol-
ogy service as a whole, whilst ensuring that staff are appropriately trained. This also
involves decisions on equipment replacement including specification, procurement,
installation, acceptance, commissioning into clinical use (Sections 2.2 and 2.3),
optional alternative uses, and decommissioning (Section 2.5). The preparation of
specifications, review of tenders, and selection of imaging equipment requires input
from all members of the imaging team, as well as biomedical engineers. The oper-
ations undertaken to achieve optimisation require support from healthcare facility
managers to ensure safe use and adequate training of staff.

(85) At the start of the referral process, communication between the referring
clinician and the radiologist or other radiological medical practitioner is essential for
appropriate justification. If radiologists do not have access to the relevant aspects of
their patients’ clinical histories, they cannot determine what imaging is appropriate.
Communication between medical physicists, radiographers, radiologists, cardiolo-
gists, and other radiological medical practitioners is key to achieving optimisation of
imaging, and establishing and reviewing clinical protocols.

(86) In some countries where the process has not yet begun, the various tasks that
contribute to optimisation can be undertaken by different groups that may not even
communicate. For example, equipment testing can be performed by government
medical physics personnel, images can be evaluated by radiologists and other radio-
logical medical practitioners, dose audits can be undertaken by university research-
ers, and radiographers have responsibility for operating the equipment (Martin
et al., 2013). If there is little communication between these groups, effective optimi-
sation cannot take place. Practical advice is needed for all these groups on the
importance of developing a team approach and pooling information. The commu-
nication channels between professional groups that would be in place to achieve
various levels are set out in Table 3.1.
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Table 3.1. Radiological professionals working in the facility and their communication at
different levels. Levels D, C, B, and A represent levels of service performance development,
categorised as preliminary, basic, intermediate, and advanced, respectively.

Performance level

Professional skills and staff communication

D Preliminary

Referring clinicians provide information on patient conditions to radiology
department for most requests for imaging.

Radiological medical practitioners and radiographers perform roles
independently.

If the number of diagnostic medical physicists is limited on site, equipment
performance tests are carried out by radiographers or other healthcare
professionals with appropriate training.

C Basic

Referring clinicians provide information on patient clinical histories to radi-
ology department for most requests for imaging. Inappropriate referrals
should be rejected, but this may not always be so.

Radiologists, other radiological medical practitioners, radiographers, and
medical physicists trained in diagnostic radiology perform roles separately
and independently of each other.

There is limited feedback of results from equipment performance tests to
radiographers and radiological medical practitioners.

B Intermediate

Regular feedback of information on testing and clinical performance between
medical physicists, radiographers, and radiological medical practitioners.

Optimisation teams comprising radiographers, radiological medical practi-
tioners, and medical physicists are established to review and optimise
protocols for some modalities.

Open communication between radiological professionals and other clinicians.

Regular communication between radiology professionals, hospital adminis-
trators, and regulators on management of radiology services.

A Advanced

Radiographers, radiological medical practitioners, and medical physicists are
involved in periodic review of clinical protocols.

Optimisation teams comprising radiographers, radiological medical practi-
tioners, and medical physicists have systematic collaboration, clear multi-
disciplinary roles in communication, and regularly review and optimise
protocols for all modalities.

Regular reporting and analysing of near-misses and incidents, and acting to
minimise the risk of recurrence in support of optimisation.
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(87) Regulators, health authorities, and professional societies have important
collaborative roles to play in setting acceptability criteria for equipment, staffing
requirements, and other aspects important for optimisation. There will be a need to
update radiation protection legislation in many countries, including requirements in
regulatory inspections to ensure that appropriate actions are taken. Requirements
for optimisation and radiological protection should be embedded into the quality
requirements for medical practices developed by the health authorities, and, where
appropriate, linked to the rules of reimbursement for medical procedures.

(88) ‘Optimisation teams’ comprising radiologists, other radiological medical
practitioners, radiographers, and medical physicists should be established to deal
with each type of procedure. The preferred approach is for these multi-professional
teams to focus on specific radiological areas (e.g. organ-specific sub-specialities in
radiology practices). Ideally, the leading expert available in each type of procedure
should be utilised. This team-based process should be implemented consistently
throughout the radiological organisation in order to achieve appropriate coverage
for all relevant diagnostic and image-guided procedures. Building such teams also
requires sufficient allocation of resources to make this team work effectively in
routine practice in order to support continuous improvement which is a built-in
principle in optimisation.

(89) Advice is also needed for regulators and hospital administrators, as well as
healthcare staff, on how processes should operate, together with suggestions on how
they might promote greater degrees of collaboration in practice. Finally, there needs
to be communication between radiological medical practitioners and radiographers,
and the patients they are treating and their carers (outward facing) in conveying and
following the appropriate processes for management of the patient’s treatment.
Everyone involved has a responsibility to understand the radiological protection
requirements in medicine at some level. The groups and individuals involved will
vary in different regions, so an approach of adopt and adapt by region is appropri-
ate. Each unit must decide on priorities, based on their clinical indicators and
budgets, but guidance is required about the decisions to be made for those centres
with more limited experience.

3.4. Methodology, technology, and expertise

(90) Methodologies should move from basic performance tests and evaluations to
multi-modal monitoring of performance and functions, eventually using patient-
specific parameters linked to care outcomes with more clinically relevant metrics
for evaluating image quality and clinical information.

(91) This component concerns the different levels of methodology used for opti-
misation, starting from the primary level with basic performance tests and evalua-
tions, moving ahead to more inclusive and multi-modal monitoring of performance
and functions, finally dealing with the care outcome and patient-specific parameters.
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Therefore, the methodology aims to utilise more clinically relevant metrics for eval-

uating image quality in order to provide more effective results.

(92) The practical process of optimisation begins with understanding the perfor-
mance of the equipment hardware and software, and this requires both a necessary
level of expertise and access to tools for testing the equipment. The next stage
involves setting up clinical protocols using a team approach that includes commu-
nication between professionals working together, each bringing their own expertise.
The final stage is the analysis of results from surveys of dose and image quality
which are then fed into the knowledge base to refine protocols. The main aspects of
this are dependent on the skill of the operator, the influence of training (Section 6),
and methods of improvement through self-evaluation.

(93) The approaches and requirements for optimisation in centres and countries
with varying levels of facilities, access to tools, and radiological and scientific exper-
tise will differ. Steps in the optimisation process need to be prioritised in terms of
increasing requirements for tools, facilities, and expertise in practice in order to set
goals that can reasonably be achieved with the available resources. Steps will
include: basic exposure factor optimisation; adjustments to automatic exposure con-
trol (AEC) devices; evaluations of equipment performance and patient dose; adjust-
ments to equipment settings; and software-supported patient-specific optimisation
using dose management systems.

(94) Examples of steps in the optimisation process that would be in place at the
various stages include:

e Level C: set the basic parameters [common to equipment type or modality (e.g.
distance or projection direction)].

e Level B: adjust indication-specific parameters to maximise image quality per dose
unit (e.g. spectral optimisation — kV and filtration); and patient-specific parame-
ters (typically mAs by AEC device) in individual examinations to achieve diag-
nostic image quality with the lowest dose.

e Level A: harmonise exposure parameters in order to achieve consistent image
quality throughout the organisation.

(95) The practical tasks that would be implemented to achieve the various levels
of performance in optimisation will depend on the equipment, facilities, and exper-
tise available. The most important are listed in order of priority in Table 3.2, where
they would be expected to lie within the levels of expertise set out in Figs 3.1 and 3.2.
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Table 3.2. Aspects of methodology that should be in place to achieve different levels of
optimisation.

Priority Performance level Practical tasks

D Preliminary Acceptance testing of x-ray equipment by vendor representa-
tive and regular maintenance carried out.
Radiological evaluation of clinical image quality.
QC testing of x-ray equipment to meet regulatory compliance.

1 C Basic Acceptance testing and commissioning of equipment, includ-
ing image quality and dose levels, co-ordinated by medical
physicist, and regular maintenance.

2 Radiological evaluation of clinical image quality based on
reference image quality criteria.

3 Regular x-ray equipment QC and calibration.

4 B Intermediate Patient dose audit — local evaluation of major examinations
and/or indications with sample-based data.

5 Evidence-based preparation of protocols and choice of expo-

sure factors.

6 A Advanced Analysis and evaluation of radiological images by a multi-
disciplinary professional team.

7 Improving protocols based on experience and/or comparison
with benchmarks.

8 The level of image quality delivered that is optimal for the
intended purpose agreed by all reviewers.

9 Comprehensive patient radiation exposure monitoring using

automatic systems (software) and its active use in continual
review and optimisation.

10 Harmonising protocols and thus enabling not only an
improvement in quality, but also the consistency of quality
(reduced variation in quality and process steps).

QC, quality control.

3.5. Processes, control, and documentation

(96) Systematic processes with documentation should be implemented to ensure
that results from performance testing, clinical surveys, and patient dose audits are
used in review of protocols, and aim eventually to achieve harmonisation of
organisation-wide protocols utilising the connectivity provided by IT systems.

(97) This component concerns the means and motivation of systematic processes,
process description, process flow, and related documentation within the organisa-
tion. The stages in this component begin with isolated activities such as practical
performance testing, development of clinical protocols, and performance of patient
dose audits, but without a consistent approach across an organisation. This needs to
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Table 3.3. Processes that should be in place for organisations at different levels in

optimisation.

Performance level

Processes

D Preliminary

Equipment selected and procured with advice from imaging
professionals.

Acceptance testing performed by vendor’s representative
without involvement of local imaging team.

Equipment testing carried out to meet the regulatory compli-
ance level.

Initial clinical protocols set up based on the experience of
imaging professionals.

Limited optimisation activities or documentation of
procedures.

C Basic

System for selection and procurement of imaging equipment
with advice from local imaging team, but not standardised.

Acceptance of manufacturer’s pre-set protocols with medical
physics involvement.

Ad-hoc arrangements for equipment testing and patient dose audit
(e.g. designed simply to meet the regulatory compliance level).

Independent setting up of clinical protocols based on local
experience.

Optimisation activities are site-specific and sporadic.

Limited documentation of procedures.

B Intermediate

Involvement of trained professional team in selection and
procurement of equipment.

Regular documented arrangements for equipment testing and
patient dose audit.

Evidence-based clinical protocols under regular review.

Harmonised activities and systematic documentation.

Some dose management software tools and/or facilities for
download of patient-exposure-related data.

Established organisational links for implementation of
optimisation.

A Advanced

Systems for establishing clinical protocols, performance test-
ing, dose surveys, etc. applied across whole organisation and
monitored through quality system.

Continual live review and optimisation of imaging protocols
based on analysis of procedure factors using dose manage-
ment software or similar, where available, and traceability of
technical image quality measurements.

System to determine acceptable exposure parameters based on
requirements for specific clinical imaging tasks.
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be developed into a structured system that encourages, facilitates, and, to some
extent, controls the regular performance of the various functions by different pro-
fessionals within the imaging team. The input from the different groups then needs
feeding into a review and development process.

(98) As the processes become more comprehensive, clinical protocols become
harmonised and practical activities are managed as part of a quality agenda. The
aim is to achieve organisation-wide systems and eventually connectivity through IT
systems with high levels of sophistication. This includes verification of the quality of
archived data, and implementation, training, and assessment of changes to achieve
optimisation. Some guidance on different aspects that would be expected linked to
the level in the model are given in Table 3.3.

(99) Requirements for more advanced processes include modelling of the clinical
task and observation in order to obtain image quality metrics (e.g. detectability of
low contrast objects) which would be objective, quantitative, standardisable, and
more relevant to clinical scenarios than the current metrics. In other words, the
development of image quality parameters bridging the gap from technical parame-
ters to clinical parameters (i.e. describing in numerical terms what is needed to reach
sufficient diagnostic accuracy for specific indications and diagnostic tasks).

(100) Acceptable differences in imaging parameters and patient doses relate to esti-
mated uncertainty (accuracy and precision) of the objective image quality metrics. The
aim is to reach not only sufficient diagnostic image quality but also to do it consistently.

3.6. Levels of performance and approaches required for optimisation

(101) Facilities should analyse arrangements they have in place to identify which
criteria set out in Tables 3.1-3.3 they fulfil currently, and use this to guide decisions
about what actions need to be taken next to progress the optimisation process in
their organisation. Each unit must decide on priorities based on the level of perfor-
mance (Level D, C, B, or A), the equipment, tools available, staffing and level of
expertise, prevalent clinical indications, and budgets. The analysis should be used to
set objectives that are achievable within the organisation.

(102) Different levels of organisational and technical development (Levels C, B,
and A) have been identified in Figs 3.1 and 3.2, and Tables 3.1-3.3 give examples
of practical tasks and processes to help in ranking facilities based on the availability of
multi-professional expertise and steps that have been achieved in developing the
technical infrastructure. Sequences of actions setting out possible approaches that
might be used to take the optimisation process forward are given here. These may
be followed for specific components to be picked out to suit the situation. The aim is to
provide guidance on the approach based on what might be achievable in different
facilities.

(103) Level D — preliminary: isolated radiological professionals with little or no
diagnostic radiology medical physics support and limited organisational structure
for implementation of optimisation:
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set up links with professionals in larger hospitals to mentor and exchange ideas;

e employ, educate, and train radiological staff in radiological imaging science, tech-

in

nology, and practice, including optimisation techniques, through attendance at
external courses;

ensure access and sufficient allocation of medical physicist involvement in radio-
logical protection, QC, dosimetry, and optimisation;

prepare clinical protocols using evidence from professional societies with assis-
tance from radiological colleagues from other facilities, and utilise web resources
of professional societies; and

purchase equipment for measuring performance of x-ray equipment for individual
facilities or groups of hospitals.

(104) Level C — basic: exposure factors based on historical practices with centres
initial stages of developing expertise in performance testing:

e established referral guidelines used in evaluation of all requests for imaging;
e review of protocols in the main centres by a small team of national or interna-

tional experts to assess the level of optimisation for all types of x-ray procedures,
especially CT;

initial small-scale survey of patient doses to establish the level of optimisation
already in place;

review of protocols in the main centres by groups of national or international
experts with the aim of identifying where effort is required;

aim to train a multi-disciplinary group of local professionals in optimisation
requirements through visits to international centres, followed by joint visits to
at least one centre within the country with a view to optimising protocols;
provision of training courses in optimisation techniques for radiologists, other
radiological medical practitioners, radiographers, and medical physicists at both
local and national levels; and

national team of experts may be set up to visit some centres to optimise protocols,
especially for CT, using results from dose surveys. These could be linked to any
national training courses in optimisation.

(105) Level B — intermediate: knowledge of optimisation practices is widespread

but may not be put into practice in all centres:

referral guidelines provided to all referrers for guidance;

national survey of patient doses, initially for CT and radiography to evaluate the
level of optimisation. Results can be used to identify broad needs for optimisa-
tion, and may also be applied in establishing DRLs that can be used in identifying
target facilities where optimisation is required more urgently;

set up optimisation teams comprising radiographers, radiologists or other radio-
logical medical practitioners, and medical physicists for each modality with the
aim of reviewing and optimising clinical protocols;
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provision of advanced training courses in optimisation techniques for individual
modalities for radiologists, other radiological medical practitioners, radiogra-
phers, and medical physicists in optimisation teams; and

members of the optimisation teams provide cascade training for other members of
the radiology department.

(106) Level A — advanced: optimisation undertaken routinely involving multi-

disciplinary teams:

national survey of patient doses for all types of x-ray procedures to establish
DRLs, and identify where further optimisation is required. Possible utilisation
of national dose registries in large-scale optimisation process, benchmarking,
advanced data analytics (e.g. machine learning), and radiological research;
continual sharing of experiences in optimisation techniques in order to maintain
the level of optimisation, and ensure that procedures using new techniques are
optimised as soon as they are introduced;

implementing more clinically relevant assessment of image quality by, for exam-
ple, utilising clinical task models with model observers to achieve objective quan-
tification of detectability for diagnostically meaningful contrast targets;

utilising exposure monitoring systems for wider scale determination of patient

doses, including organ dose estimates;
utilising integrated systems for protocol management and equipment manage-

ment to enable more consistent quality from the technical to the clinical level,
and to strengthen the harmonisation and standardisation of diagnostic and care
processes; and

utilising referral guidelines integrated into HISs/RISs to implement clinical decision
support (CDS) in order to ensure correct examinations are performed on the right
patients (based on indication) at the right time. CDS should optimally connect to
modalities to take into account both the available access to different modalities and
the queue status (length of worklists) with consequent delays in performance.

3.7. Quality systems

(107) A QMS can provide a framework to facilitate a systematic organisational

approach, through aiding the identification of risks and possibilities for improve-
ment, and so establishing a strategy to aid the achievement of optimisation.

3.7.1. Quality management

(108) If professionalism, methodology, and process are to be harnessed in such a

way that the optimisation goal is achieved, there needs to be an underpinning
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Fig. 3.3. Relationships between processes and tasks relating to optimisation within a quality
system. DRL, diagnostic reference level.

framework that facilitates the systematic organisational approach to achieving that
goal. This requires a system which ensures that all of the tasks, including QC tests,
dose audits, investigation of failures to meet set standards, use of clinical and QC
data in protocol optimisation, and communication of updated information, are
carried out and recorded on an ongoing basis (Annex F). Fig. 3.3 provides a dia-
grammatic representation of the relationships between quality management, QA,
and QC. One approach is through the adoption of QMSs with that explicit aim.

(109) The ISO publication ‘Quality Management Systems — Fundamentals and
Vocabulary’ (ISO, 2015a) defines a QMS as a suite of activities by which an orga-
nisation identifies its objectives, and determines the processes and resources required
to achieve the desired results. A QMS can therefore be viewed as an enabler for
identifying actions required to address both intended and unintended consequences
encountered in the provision and development of a service. It can also be used as a
tool to manage resources in both the long and short term.

(110) Successful implementation of a QMS should enable an organisation to
identify both risks and opportunities, and identify possibilities for improvement
and change. It will also give the organisation the ability to demonstrate conformity
with specified obligations, such as legislative requirements concerning radiological
protection, provided they are incorporated within the objectives of the QMS. In this
context, one of the requirements of a QMS might be the involvement or establish-
ment of a working group to establish a vision and a strategy for optimisation. A
QMS could also be used as the framework supporting the development of the levels
of optimisation outlined in Section 3.2 and depicted in Figs 3.1 and 3.2. The suc-
cessful execution of a QMS is dependent on the systematic definition and oversight
of processes and adoption of the Plan-Do—Check—Act (PDCA) cycle (ISO, 2015b).
The PDCA cycle is analogous to an audit cycle in which the steps are:

e plan — define the objectives and the processes required to achieve those objectives;
e do — implement the plan;
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e check — monitor/measure the outcomes against relevant comparators; and
e act — take action where required to improve.

(111) To aid the process, there are seven key principles that should be used to
support the development and subsequent maintenance of a QMS. There is a focus on
management responsibility; resource management; service realisation; and measure-
ment, analysis, and improvement. There is strong emphasis placed on providing
high-quality, reliable, and consistent customer service as well as leadership. The
seven principles are shown in Fig. 3.4 but are not depicted in any order. The relative
importance of the principles will vary from organisation to organisation, and will
change over time (ISO, 2015c).

(112) Each of the seven principles in Fig. 3.4 will play a role to some extent in
progression from Level D to Level A in the professional, methodological, and pro-
cess elements of the optimisation strategy outlined in Fig. 3.2.

3.7.2. Quality assurance

(113) QA is an essential part of a QMS and is defined by the International
Organisation for Standards (ISO) as being the part of quality management that is
focused on fulfilling quality requirements. In essence, this means the planning and
documentation of policies, procedures, and processes that underpin an organisa-
tion’s approach to quality management. For example, suppose that one of the
objectives specified by an organisation was the routine implementation of equipment
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Fig. 3.4. The seven principles underpinning quality management and their interconnection.
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performance testing for regulatory or optimisation purposes. The objective would be
reflected in a written policy which would require the generation of procedures and
work instructions relating to the operational implementation of equipment perfor-
mance testing. The policy would include procedures concerned with what expect-
ations there are on the equipment, when to test it, approaches to testing it, training
and competence of staff who will do the testing, and what to do with the results of
the tests. Key performance indicators could also be set to measure specific activities
and assess aspects of performance (ESR, 2020).

3.7.3. Quality control

(114) QC, also an essential part of a QMS, is defined as being the part of quality
management focused on providing confidence that quality requirements will be ful-
filled. Put another way, QC can be thought of as being the actual work done to meet
the requirements of the QA programme. In the context of the example above, it
involves carrying out, recording, and analysing the measurements performed in
accordance with an equipment performance testing schedule. The American
Association of Physicists in Medicine point out that QA is a proactive process
that seeks to prevent defects in products or deliverables (e.g. medical images),
while QC is a reactive process that seeks to identify defects in products or deliver-
ables (AAPM, 2015). QC is itself an essential part of the equipment life cycle
(see Section 2.4.1). Table 3.4 lists components of the quality system that would be
regarded as quality management, QA, and QC.

(115) Formal QMSs under ISO standards can encourage the development and
maintenance of an optimisation strategy by setting goals and monitoring perfor-
mance. Large healthcare organisations with one or many radiology departments will
find that appointing a member of staff to perform the role of quality manager, with
clearly defined responsibilities and resources, is a definite advantage. This identifies
an individual who is given the power and responsibility to ensure that the QA
programme is kept up to date, and evolves as circumstances require. There will be
reassurance that changes in procedures and protocols are shared across all relevant
facilities and staff within the organisation. Audits performed by the quality manager
will ensure that regular QC tests are recorded and kept up to date. The quality
manager can monitor planned developments in the optimisation programme, and
ensure that any incidents are followed up and appropriate actions taken to prevent
reoccurrence in the future.

(116) However, formal QMSs, such as those adhering to the ISO procedures, are
not essential. They are valuable aids in improving and developing the approach, and
continuing the optimisation, of performance, but during the early stages of setting
up and establishing procedures, organisations may find that it is more cost-effective
in terms of staff time to concentrate on setting up individual components of the
overall system, optimising protocols, and carrying out QC tests. These are the steps
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required in developing Level D facilities to meet Level C and start on the road to
optimisation. Once this has been achieved, implementation of a QMS can ensure
that optimisation is performed, and progress in developing further improvements is
maintained.

Table 3.4. Components of a radiology quality system.

Quality management

Management of processes with:

improved clinical outcome

continual improvement of quality and safety (Plan-Do—Check—Act cycle)
reviewing established quality criteria and policy

ensuring adequate resources

alignment with organisational purpose and strategy

leadership commitment

fostering a no-blame culture

Quality assurance

Planned and systematic procedures for:

clinical image quality evaluation

patient dose surveys and comparisons with DRLs
image reject and retake analysis

equipment maintenance and life cycle (including equipment specification, procurement,
acceptance, and commissioning)

quality control and quality assurance documentation
test frequencies and tolerances

self-evaluations and audits

staff roles and responsibilities

training and knowledge

research and development aspects of quality

Quality control

Planned and systematic procedures for:

technical equipment performance tests, including technical image quality tests and
radiation output tests

radiation safety tests

technical safety tests

optional accreditation and/or certification tests

DRL, diagnostic reference level.
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4. ANALYSES OF PATIENT DOSES

(117) Key points in this section:

The process of image interpretation is both task and reader dependent, so the choice
of factors that influence both patient dose and image quality depend on the patient,
the clinical question, the examination, the operator performing the procedure, the
equipment used to image the patient, and the person interpreting the eventual image.
Knowledge of the doses delivered to patients by imaging procedures is the first step in
the optimisation process. This can only be gained by surveys of doses to real patients
because of the nature of the distributions in dose. Patient dose surveys are essential
in the development and implementation of an organisation’s dose management
strategy.

Patient dose audit is the process whereby the results of a patient dose survey are
compared against relevant standards — the most relevant current standard is the
diagnostic reference level.

The use of radiology information systems and patient radiation exposure monitor-
ing/management systems for data retrieval enables large numbers of patients to be
included in dose surveys.

All personnel involved in x-ray imaging examinations should have a feeling of own-
ership or involvement in the process of dose audit, and be familiar with the diagnostic
reference level concept. This multi-disciplinary team approach helps to ensure that
results of dose surveys and any consequent changes that need to be made are fed
back to equipment operators.

When radiology information systems and patient radiation exposure monitoring/
management systems are used for data retrieval, task-based dose surveys are con-
ceptually no more complex than anatomically based ones, provided that appropriate
task-related codes are in place.

Patient dose audit against diagnostic reference levels will only contribute to optimi-
sation if action is taken to address dose levels that are high and any other deficien-
cies when they are identified.

4.1. The influence of exposure factors on radiological images

(118) A key component of optimisation in medical imaging is keeping the radi-

ation dose to the patient ALARA, while maintaining a level of image quality that is
sufficient for the diagnostic purpose. The magnitude of the radiation dose is not
immediately obvious from the appearance of a digital x-ray image, so assessments of
doses from groups of patients perform an important role in demonstrating what the
dose levels are so that they can be considered in the context of the optimisation
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process. The level of doses is determined by the exposure settings used for imaging,
and the optimum choices may not be immediately apparent.

(119) The process of image interpretation is both task and reader dependent, so
the choice of factors that influence both patient dose and image quality depend on
the patient, the clinical question, the examination, the operator performing the pro-
cedure, the equipment used to image the patient, and the person interpreting the
eventual image.

(120) Exposure factors have a significant effect on patient dose and image quality.
For example, an increase in mA (or mAs) without any adjustment to kV will result in
an increased photon fluence at the image receptor and the patient entrance surface.
There will be a consequent increased radiation dose to the patient and an improve-
ment in the contrast-to-noise ratio (CNR), an indicator of image quality (see
Section 5.2), because of the Poisson nature of the image formation process. An
increase in kV without adjusting the mA (or mAs) will cause an increased photon
fluence at the image receptor and a higher patient dose, but may also result in a
potential reduction in CNR because of the variation in tissue mass attenuation
coefficient with energy.

(121) In practice, therefore, the outcome of an increase in mA (or mAs) will be
increased CNR at the expense of increased patient dose. Use of a higher kV will
result in a greater relative number of high-energy photons reaching the image recep-
tor, and will therefore necessitate a reduction in mA (or mAs) to achieve the same
dose to the image receptor. The net effect will be to reduce the patient entrance
surface air kerma and, to some extent, the radiation doses to the exposed organs,
especially those nearer to the surface. There will be a consequent reduction in effec-
tive dose, E. This will be at the expense of a reduction in CNR.

Table 4.1. Impact of basic factors on patient dose and image quality if kV is kept constant in
conventional radiographic imaging.

Effect on patient dose
(to maintain same air

Factor (single factorial) kerma at detector) Image quality

Increase field size Increased Pk a; K, . constant Increase scatter

Introduce anti-scatter grid Increased Py a; K, increased Decrease scatter

Increase beam filtration Pga reduced; K, . reduced Reduce contrast

Increase FRD None Reduce unsharpness

Increase focal spot size None Increase unsharpness

Increase anode angle None Increase unsharpness

(increase useful FOV)

Decrease patient to P reduced; K, ¢ reduced” Decrease unsharpness but

detector distance increase scatter at detector

Pk, kerma area product; K, ., entrance surface air kerma; FOV, field of view; FRD, focus to image
receptor distance.
“Assumes field size remains the same at patient.
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(122) Other external factors, such as the incorporation of anti-scatter grids into
the imaging chain, field size, beam filtration, the use of differing focus to image
receptor distances, different focal spot sizes, and anode angulation, have well-
documented effects on patient dose and/or image quality. These are summarised
for conventional radiographic imaging in Table 4.1. A fuller discussion on factors
affecting patient dose and image quality in conventional radiographic imaging, CT,
and fluoroscopy can be found in the companion publication.

4.2. Surveys and audit of patient doses

(123) Knowledge of the doses delivered to patients by imaging procedures is the
first step in the optimisation process. This can only be gained by surveys of doses to
real patients because of the nature of the distributions in dose. Patient dose surveys
are essential in the development and implementation of an organisation’s dose man-
agement strategy.

(124) Correctly performed patient dose surveys will provide information about
the range and distribution of doses delivered to real patients for each of a range of
examinations at a facility. The use of phantoms as a surrogate for patients in a dose
measurement programme is not appropriate as this approach effectively assesses
machine output alone. However, another important element of the optimisation
process — understanding the performance characteristics of the equipment — may
well involve the use of phantoms to assess output. Examples would be the measure-
ment of CT dose quantities or calibration of AEC devices.

(125) Patient dose audit is the process whereby the results of a patient dose survey
are compared against relevant standards — the most relevant current standard is the
DRL. DRLs that are used as the comparator in dose audits can be set at either
national or local level (ICRP, 2017). An essential component of audit is that actions
are assigned based on the outcome of the comparison. Depending on the complexity
of the comparison task, the outcome will either be ‘do something’ or ‘do nothing’. In
either event, it should be recorded, and if intervention is required, it should be
undertaken prior to the next audit being initiated. Audit is, by nature, a cyclical
process, and Fig. 4.1 shows an example of how the dose audit cycle can be carried
out (ICRP, 2017). It is essential that the basis of any comparison should include the
overall uncertainty associated with the physical measurements recorded during the
dose survey.

(126) Patient dose surveys and subsequent audit should be carried out in a sci-
entifically justifiable manner. A full survey programme in a hospital should ideally
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Fig. 4.1. The patient dose audit cycle (ICRP, 2017). DRL, diagnostic reference level.

cover representative examinations from all radiological tasks performed within the
hospital, and should include equipment from across the hospital and work done by a
range of operators. The programme should include work done outside the radiology
department (e.g. in cardiology and theatres). Priority should result from consider-
ation of the highest dose examinations, the most common examinations, and the
most relevant patient cohorts. Prior to surveys being initiated, the standard against
which the results are to be compared at audit must be known.

(127) ICRP recommends that a survey of any particular examination should
involve the collection of data from a minimum of 20 patients, and for diagnostic
fluoroscopy, a group of at least 30 patients is preferable (ICRP, 2017). However,
Sutton et al. (2021) have suggested that the minimum sample size for patient dose
audits should be 300-400. In practice, many more will usually be included if the data
are extracted from an RIS, radiation exposure monitoring system, or other infor-
mation system. Any constraints on patient weight and age should ideally be those
associated with the standard that is being used as a comparator. If this is not the
case, some attempt should be made to, at a minimum, understand the overall uncer-
tainty associated with the ensuing comparison against the standard. The clinical task
associated with each procedure surveyed should be recorded to facilitate appropriate
comparison.

(128) In regions with limited infrastructure for data collection, survey intervals of
approximately 3 years will be appropriate for many diagnostic radiography and
diagnostic fluoroscopy examinations, provided that there are no substantial changes
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in equipment or software. Annual surveys are recommended for CT and image-
guided procedures because they subject patients to higher doses of radiation. As
automated systems for patient data collection and management become more widely
available, the dose audit process may take the form of a regular review (ICRP,
2017).

4.3. Measurement and retrieval of patient dose data

(129) Metrics used in surveys should be representative of how the dose to the
patient varies, so quantities such as air kerma-area product (KAP, Pg4), entrance
surface air kerma (ESAK, K, ), dose length product (DLP, Pk ), and CT volume
averaged dose index (CTDI,,, C,o) are preferred. These tend to be those set as
standards for comparative purposes. Abbreviations will be quoted in the text, but
the symbols approved by the International Commission on Radiation Units and
Measurement, included as the second term in the brackets, should be used in equa-
tions. These are all measurable dose quantities and are not linked directly to doses to
patients’ organs, which will not be considered in this publication.

(130) Ideally, the metrics recorded should be transferred automatically to, and
retrieved from, the RIS, radiation exposure monitoring system, or other information
system to avoid issues caused by transcription errors. In practice, automatic transfer
is aspirational in many situations, and is not possible in the case of the majority of
computed radiography installations. In this case, relevant metrics need to be
recorded manually in the RIS. In some cases, manual recording on paper may be
the sole practical method of recording the data required for the survey. This may be
the method used in the early stages of establishing a patient dose survey programme.
Whatever the method by which information transfer or recording is performed, it is
good practice to use standard examination codes for the different types and variants
of radiological procedures to avoid introducing errors due to incorrect categorisa-
tion of examination types. It is often difficult to incorporate patient weight into the
results of patient dose surveys, as it is often not assessed in the first place. The caveat
is that the assessment of patient size, whether using weight or some other metric, is
of great importance if paediatric dose audit is to be undertaken (ICRP, 2017).

(131) The Digital Imaging and Communications in Medicine (DICOM) standard
has defined the radiation dose structured report (RDSR) (IEC, 2014; Sechopoulos
et al., 2015; DICOM, 2017; NEMA, 2020) to handle the recording and storage of
radiation dose information from imaging modalities. Patient dose data monitoring is
facilitated by transferring this information to PACSs, RIS/HISs, and dedicated
vendor neutral electronic dose registries (AAPM, 2019a), interoperability among
which is guided by the Integrating the Healthcare Enterprise Radiation Exposure
Monitoring Profile. Patient radiation exposure monitoring systems are now
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available and facilitate the establishment of databases as repositories of dosimetry
data. These, therefore, have the potential to be used as a convenient way of carrying
out patient dose surveys for those who have them.

(132) The use of RISs and patient radiation exposure monitoring/management
systems for data retrieval enable large numbers of patients to be included in dose
surveys. Commercial exposure monitoring systems or functionalities as integrated
into PACS/RIS software provide access to substantial amounts of data, and so
enable an overview of the doses associated with specific examinations to be obtained
more easily, and, for example, allow comparisons between different CT scanners
(Nicol et al., 2016).

(133) A problem that might occur when downloading data for large numbers of
patient examinations is the lack of a standard nomenclature for procedures. There
may be variations in names for certain examinations used by different departments
across an organisation, or even by different staff within the same department. There
may also be variations in the interpretation of protocols by different radiographers,
and use of the same protocol for different clinical objectives. For example, a chest
abdomen pelvis CT scan might be used for cancer staging or for follow-up of treat-
ment — each require different levels of image quality.

(134) When dose data are submitted continuously to an automatic electronic
database or registry, review of the registry data should be performed regularly
and at least annually. When no automatic dose registry exists, audits could be
performed by means of annual surveys, collecting data manually from dose displays,
DICOM headers, or PACS/RIS archives (ICRP, 2017; ACR, 2022).

(135) As optimisation is continued, all the protocols across different departments
and hospitals coming under the same organisation should be aligned. This can only
be achieved by establishing a process to ensure that the level of image quality deliv-
ered should be optimal for the intended purpose, has been agreed by all members of
the clinical team, and should not differ according to reviewer preference. Such
developments may well form part of a quality management programme. The deliv-
ery of varying levels of image quality to cater for the preferences of individual
reviewers cannot be justified.

(136) The calibration of equipment used in patient dose surveys should be verified
regularly, preferably at intervals of no more than 1-2 years, and should be traceable
to national standards. Several studies have shown that KAP values indicated by x-
ray unit consoles may deviate by 10-40% from the real value, and the variation in
the calibration factor as a function of beam quality for a given x-ray set-up was
typically within 10-20% (Vané et al., 2008; Jarvinen et al., 2015). Calibrations of
meters and displays should be verified, preferably at intervals of no more than 1-2
years. The International Electrotechnical Commission (IEC) allows a tolerance of
25% for KAP meter calibration using a coverage factor of 2 (IEC, 2020). The results
should be incorporated into the measure of overall uncertainty associated with the
survey, as should the results of radiological equipment QC tests.
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4.4. Analysis and feedback of patient dose data

(137) Without sufficient feedback on doses from digital images, there is a risk of
increasing dose over time or leaving doses at a high level to ensure that image quality
is good. Such exposure creep will not be recognised unless dose levels are monitored.

(138) The comparator that is most often used when patient dose survey data are
used in a clinical audit is the DRL (ICRP, 2017). In general, the outcome of the
comparison is a decision on whether the radiation dose delivered for a particular
examination exceeds that which the majority of radiologists agree will produce images
that are sufficient for the clinical purpose. There is also an argument that patient dose
survey data can be used to identify where patient doses are not high enough, as this
may imply that adequate diagnosis cannot be achieved. However, patient dose survey
data collection is predicated on the fact that only examinations with sufficient image
quality to achieve a diagnosis should theoretically be entered into the survey in the
first place; any non-diagnostic examination should be rejected after being taken (see
Section 2.4.1), included in the departmental review of practices, and excluded from
the survey post hoc. This issue has added more complexity than was previously the
case because of the wide dynamic range associated with digital imaging modalities.
Previously, the image on a film acted as its own QC in that if it was overexposed, the
film was too black, and if it was underexposed, the film was too light. The advent of
digital radiography means that is predominantly no longer the case, and underex-
posed images may be considered to be diagnostic unless an appropriate QC regime
involving the use of exposure indices is in place along with a reject analysis pro-
gramme (IEC, 2008; Jones et al., 2015; Dave et al., 2018). If such a QC programme
is not in place, it might not be possible to satisfy the underlying premise used in the
setting of DRLs that all images must be diagnostic in the first place.

(139) DRLs are often referred to as being the first step on the path to optimisa-
tion; this is a reference to the action that should be taken if a dose survey reveals
doses that exceed the DRL. If this is so, an investigation should be undertaken to
identify why it is the case for the examination in question, and action should be
taken to effect remediation if necessary. The investigation should include a review of
equipment performance, the settings used, and the examination protocols. The fac-
tors most likely to be involved are survey methodology, equipment performance,
procedure protocol, case mix, operator skill, and procedure complexity. Framing the
bounds for, and reflecting on the results of, the investigation should be carried out in
a multi-disciplinary manner, and should include input from appropriate professio-
nals. For example, whilst a medical physicist may be able to comment on the per-
formance of the measuring equipment used (and relate it to the results of QC
performance tests), operator training issues or issues concerning patient case mix
are more the remit of those clinical staff involved. The establishment of multi-
disciplinary optimisation teams is of great value in this regard. Detail concerning
setting up and reflecting on investigations was first developed by the Institute of
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Physics and Engineering in Medicine (IPEM, 2004), and subsequently extended by
ICRP (ICRP, 2017).

(140) All personnel involved in x-ray imaging examinations should have a feeling
of ownership or involvement in the process of dose audit and be familiar with the
DRL concept. This multi-disciplinary team approach helps to ensure that results of
dose surveys and any consequent changes that need to be made are fed back to
equipment operators. Patient dose surveys and subsequent analysis should be per-
formed with the collaboration of, and input from, these people using readily under-
stood aids, such as bar charts and tables. Dissemination of results should be
similarly presented using easily accessible tools, such as histograms of dose distri-
butions. The process then becomes a natural part of clinical audit. These personnel
are best placed to understand the clinical implications and reasons for any findings
from a dose survey. They are also essential when it comes to the enactment of any
clinical remediation that might be required as a result of the audit process — for
example, the adjustment of protocols or operator training.

4.5. The outcome of the audit process

(141) DRLs should not become or be thought of as dose limits. This is why they
are considered the first step in the optimisation process and must be recognised in
the audit process. The fact that doses are below a DRL should not mean that there is
no further scope for optimisation. Median values of DRL quantities at a health
facility that are above or below a particular value do not indicate that images are
adequate or inadequate for a particular clinical purpose. Substituting compliance
with national or local DRL values for evaluation of image quality is not appropriate.

(142) In this context, the concept of ‘achievable dose” has been defined as a level
of patient dose (metric) achievable by standard techniques and technologies in wide-
spread use, without compromising adequate image quality. NCRP suggested that
achievable dose values should be set at the median value of the distribution of a
national DRL quantity (NCRP, 2012), and ICRP concluded that this approach may
be useful as an additional tool for improving optimisation (ICRP, 2017). Local
optimisation teams are ideally placed to consider adoption of this principle, and
to compare patient dose results with the 50th percentile value of the data used to
derive national DRLs as well as with the DRL itself. Such a comparison is especially
important since the median value of the distribution used to derive the DRL can be
considered to be one below which image quality should be regarded as being of
greater priority than dose when additional optimisation efforts are performed
(ICRP, 2017). Consideration of such issues makes the use of patient dose surveys
and audit an integral part of an organisation’s dose management strategy.

(143) In situations where DRLs do not exist at a national level, local DRLs can be
set using data from 10-20 x-ray rooms in a local area based on the third quartile of
the distribution, and the results obtained can be used as the basis for operation by
local optimisation teams. The feasibility of this approach will depend on the number
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of x-ray rooms from which data collection is possible on a national or local basis.
For assessments on smaller numbers of rooms, ‘typical values’ based on the median
values of a distribution might be used. These alternative local values are useful
because they encourage users to identify units that require optimisation in the earlier
stages of setting up programmes to survey patient doses, so that actions required can
be investigated and taken soon after the survey has been completed. Alternatively,
values from other centres, or values reported in the scientific literature, can be used
as an initial guide. The adoption of DRL values from other countries should be done
with great caution, given the potential for differences in technical aspects of practice.
One example of the establishment of international DRLs in paediatric CT that can
be used in countries without sufficient medical physics support to identify non-
optimised practice is given in Vassileva et al. (2015).

(144) DRLs set at national level tend to be based on anatomical regions, such as
thorax, pelvis, and skull. The result of an investigation into why such a DRL is
exceeded might reveal the cause to be case mix; for example, the requirements for a
chest x ray for a cohort of patients attending a chronic obstructive pulmonary disease
clinic are different from those for a chest x ray for the general population, and may well
result in higher patient doses. The result of the investigation might well be to establish a
local indication-specific DRL (comparator) for that specific patient cohort. There is no
reason why other indication-specific comparators cannot be developed, and this may
well be more easily managed at a local level than a national level. One example of an
examination suitable for an indication-based DRL is the evaluation of the cerebrospi-
nal fluid shunt function in hydrocephalus using CT, where a lower dose of radiation is
required than for a skull CT to achieve the required outcome. Another commonly
quoted example is the use of imaging for the evaluation of renal stones. The identifi-
cation of suitable examinations and consequent development of indication-based com-
parators is a task well suited to a multi-disciplinary optimisation team as described
above, and is a natural evolution of the optimisation process. It represents a further
stage in optimisation over and above the comparison with anatomically based DRLs.
Values of indication-specific DRLs have been proposed by some centres, and work is
ongoing in this field (Treier et al., 2010; Jarvinen et al., 2015; Lajunen, 2015; Brat et al.,
2019; Paulo et al., 2020; Jaschke et al., 2021; Tsapaki et al., 2021).

(145) When RIS and patient radiation exposure monitoring/management systems
are used for data retrieval, task-based dose surveys are conceptually no more complex
than anatomically-based ones, provided that appropriate task-related codes are in
place. Task-specific coding is an important step on the route to achieving a systematic
optimisation process which may be targeted in a clear way at various types of proce-
dures and enable benchmarking of results between examinations, examination groups,
vendors, equipment models, organisations, regions, and countries. However, it is very
unlikely to be in place in the majority of healthcare facilities at the present time.

(146) Exceeding a DRL value should trigger investigation and, if appropriate,
corrective actions should be taken to optimise patient protection. In addition, if the
median dose is substantially less than the DRL, a check should be made to ensure
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that image quality is not adversely affected. One of the outcomes from a patient dose
audit might be a desire to change a protocol associated with image acquisition. The
effect on patient dose metrics of simple changes involving adjustments in kV and mA
(mAs) can easily be determined experimentally or by calculation. More sophisticated
dosimetry of any such proposed alteration can be assessed using patient dose model-
ling software based on anthropomorphic phantoms and Monte Carlo transport
modelling. The effects of more subtle changes, such as those achievable by adjusting
the performance of an AEC device or alteration to tube current modulation for CT,
whilst being very important, are more difficult to characterise accurately because of
the influence of individual patient anatomy. This can only be taken into account
fully after the examination has been performed when patient-specific estimates of
organ and effective dose can be derived using the a-priori information obtained from
the examination itself. This approach requires sophisticated modelling and software
as is provided in some patient radiation exposure monitoring software or other
bespoke products. Patient-specific dosimetry does not have a role in patient dose
audit, other than in the widest sense. Patient dose audit against DRLs will only
contribute to optimisation if action is taken to address dose levels that are high, and
any other deficiencies when they are identified.

4.6. Patient radiation exposure monitoring/management systems

(147) The process of dose audit based on analysis of downloads of patient dose
data, followed by protocol adjustment and regular re-audit can make major contribu-
tions to optimisation. However, this is not the limit in improvement that could be made
if data are analysed in greater detail. One possible next stage requires implementation
of patient radiation exposure monitoring systems in which exposure data are fed in
from the RDSRs linked to each imaging device (Loose et al., 2021). This can, in theory,
provide a wealth of data, but to make best use of the opportunity provided, exami-
nation protocols need to be standardised and systems set up to carry out the analyses,
feedback results, and implement changes to improve protocols at regular intervals.

(148) The analysis of dose data may often be done predominantly by medical
physicists, but to take full advantage of the facilities offered, results need to be
readily available to both radiographers and radiologists or other medical radiolog-
ical practitioners. Feedback of information could be realised, for example, through
use of interactive dashboards that can provide fast access to enable analysis of data,
as well as allowing progress to be tracked. Whichever method is implemented, it
needs to be easy to use and interrogate, and enable data to be easily found and
shared, to encourage appropriate actions.

(149) Such systems make follow-up of patients conceptually easier, so that checks
can be made readily to identify problems, trace them, and find out whether the
problems have been fixed. Processes could be set up to check protocol use, follow
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dose trends, provide current dose values, and identify outliers. Results could be
highlighted in dose histograms showing dose distributions, and allow individual
examination data to be interrogated to allow investigation to determine possible
causes of anomalies. Inclusion of the weight or patient dimensions in such a
system would provide even more potential for analysis and improvement. They

will,

however, require increased human resources to implement adequately and

will need to be subject to QC tests.
(150) Some of the steps discussed in this section are set out in Table 4.2 in terms of
the levels of optimisation discussed in Section 3.

Table 4.2. Arrangements that should be in place for facilities at different levels.

Level D — pre-optimisation level (basic infrastructure)

Availability of radiation instruments for measurement of radiation dose and exposure

parameters
Availability of simple protocols setting out measurements to be made of equipment

performance
X-ray equipment has displays of dose parameters (e.g. KAP for radiography and fluo-

roscopy, and displays of CTDI,,, and DLP on CT scanners)

Level C — basic (Level D plus)

Calibration of all KAP meters, and displays of CTDI,, and DLP

Dose audits performed every 3 years

Dose audit results fed back to radiographers and radiologists or other medical radio-
logical practitioners periodically

In process of developing national DRLs

Level B — intermediate (Levels D and C plus)

Standardisation of protocol names for procedures

Radiologists or other medical radiological practitioners have agreed arrangement for
development of examination protocols

Agreed codes for identifying more complex examinations

National DRLs established for a wide range of procedures

Annual survey of patient doses on wide range of procedures

Local DRLs and typical values set by organisation linked to local dose surveys
Results of patient dose audit included in annual review of examination protocols

Level A — advanced (Levels D, C, and B plus)

Continual feedback and comparison of patient dose results with typical values
Application of radiation exposure monitoring software

Comparison of CTDI, values with other results at time of CT examinations
Alignment of protocols for standard indications throughout organisation

KAP, kerma area product; CTDI,,, volume averaged computed tomography dose index; DLP, dose
length product; CT, computed tomography; DRL, diagnostic reference level.
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5. EVALUATION OF IMAGE QUALITY

(151) Key points in this section:

The image quality in medical imaging relates to the capability of providing anatom-
ical or functional information that enables accurate diagnosis and informs care
decisions. Thus, inadequate image quality can be thought of as being commensurate
with clinical risk.

The clinical value of images is dependent on physical characteristics of the imaging
method, image capture and presentation system, and the interpreter who reviews the
images.

Basic image quality is characterised by contrast, resolution, and noise. Contrast and
resolution describe how different targets are represented in grey-scale and sharpness.
Noise represents a distractor that affects image texture and visual detection of
features.

Subjective expert evaluation of clinical image quality by radiologists or other radio-
logical medical practitioners forms part of the routine self-assessment process
included in the quality assurance programme of the radiological department. The
subjective evaluation of clinical image quality should be graded based on image
quality criteria for each modality and clinical indication. Ideally, this would be
paired with patient dose audit.

Anthropomorphic phantoms mimicking patient tissue attenuations, morphometry,
organ distribution, and tissue texture can be used together with appropriate image
quality metrics in protocol optimisation studies in arrangements that closely resem-
ble or correspond to the actual clinical set-up.

The final stage of the optimisation process should be tailored to the clinical appli-
cation, and involve the multi-professional team of radiographers, medical physicists,
and radiologists or other radiological medical practitioners.

Artificial intelligence and its subsets, machine learning and deep learning, are devel-
oping quickly to provide versatile methods for a wide range of optimisation-related
tasks, and the image quality framework needs to evolve to address their impact in the
image chain and patient outcomes.

5.1. Introduction

(152) Image quality in medical imaging relates to the capability of providing ana-

tomical or functional information that enables accurate diagnosis, and informs care
decisions or provides guidance for image-guided intervention. The provision of infor-
mation is dependent on the image data itself, but also concerns the interpreting
observer who can be a radiologist (or other radiological medical practitioner) or a
computer application. When ionising radiation is used for medical imaging, as is done
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in radiological x-ray modalities, there is always a trade-off between the image quality
achieved (in terms of noise) and radiation exposure. Thus, the optimisation task is
characterised by the balance between reaching an adequate image quality for diag-
nosis and avoiding excessive x-ray dose to the patient. The dose is not governed by
strict limitation for any individual patient at a particular exposure. However, if ade-
quate image quality is insufficient for adequate clinical interpretation, the reliability
of the diagnosis is at risk, and the correct care decision for that specific patient is
jeopardised (i.e. unnecessary clinical risk is caused). In such a case, the radiation dose
aspect becomes subsidiary. Therefore, sufficient clinical image quality is an absolute
requirement and should be considered thoroughly in the overall optimisation process.

(153) The clinical value of images is dependent on physical characteristics of the
imaging modality, image capture and presentation system, and also the interpreter
who reviews the images. One of the main reasons why optimisation has frequently
focused on the dose aspect (according to the ALARA principle) is the ease of
acquiring radiation dose information from x-ray equipment. The physical dose
information is standardised and available through dose displays in most modern
x-ray devices after the medical exposure has been made. On the other hand, image
quality information is not provided automatically by imaging equipment, but has to
be resolved separately and retrospectively, and this typically involves laborious eval-
uation by expert radiologists (clinical image quality, generally based on scoring
patient images subjectively) and medical physicists (technical image quality based
on objective phantom image analysis). Efforts to create automated objective meth-
ods for clinical image quality measurement and monitoring, utilising model observ-
ers or Al are the subject of extensive research and development. These methods are
expected to be important in the future, but are not yet available on a wide scale for
clinical application.

(154) From the physical imaging chain and parameter perspective, image quality
extends further in the imaging process compared with radiation dose. Overall, the
process of measuring image quality is more demanding, complicated, and involves a
larger amount of dependent and intertwined parameters compared with standard
physical radiation dose metrics in radiology. However, regular evaluation of clinical
image quality is the backbone of a successful optimisation process, and therefore
should be given sufficient resources, methods, references, and tools to make it an
ongoing activity of the radiological department.

(155) For the sake of conciseness, more information about the image quality
metric descriptors discussed in the following sections can be found in Annex A.

5.2. General image quality metrics: contrast, spatial resolution, and
noise

(156) Basic image quality is characterised by contrast, resolution, and noise.
Contrast and resolution describe how different targets are represented in
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grey-scale and sharpness. Noise represents a distractor that affects image texture and
visual detection of features.

5.2.1. Contrast

(157) In x-ray imaging techniques, contrast (or contrast resolution) is fundamen-
tally based on the differences in x-ray attenuation between target and background
materials, providing signals seen as differences in grey-scale in resulting images. Due
to the characteristics of the primary physical interactions (absorption and scattering)
between x rays and human tissue materials, radiological contrast resulting from
small naturally occurring variations in x-ray attenuation between pathological and
normal soft tissue only produces subtle differences (NIST, 2009). On the other hand,
contrast between bone and soft tissue, and between soft tissue and air, is far greater.
The soft tissue contrast can be improved by using contrast agents injected into the
blood stream (e.g. iodine)

5.2.2. Spatial resolution

(158) Spatial resolution describes the level of detail which can be observed on a
medical image. It may concern boundaries between tissue types or structural pat-
terns within tissue such as bone fractures. Comprehensive methods to determine
spatial resolution span a continuous range of object dimensions in order to evaluate
image system performance, not only for the smallest details, but also for all other
spatially distributed features in the image. Traditional spatial resolution measure-
ments have been made using high contrast target and high radiation dose exposure
level where the effect from image noise is minimal, enabling higher precision of the
assessment method.

(159) In digital radiology, images are comprised of discrete picture elements
where the pixel size sets a clear boundary on what can be resolved spatially in the
image. However, if a very small object has sufficient contrast to boost the integrated
signal within a pixel to make that pixel stand out among the neighbouring pixel grey-
scale background, it is still possible to detect such an object even if it is smaller than
a pixel.

(160) On the other hand, there are many relevant object features that are signif-
icantly larger than the pixel dimension. The typical digital radiography detector
pixel size is of the order of 150 microns, which is small enough for many clinical
imaging purposes if the other imaging factors are optimal. Imaging detector reso-
lution capabilities are changing rapidly, enabling the visualisation of smaller struc-
tures [e.g. with photon counting techniques (in 3D for CT) or smaller detector
elements].

(161) At a physical level, spatial resolution is fundamentally described as the
spread of the image signal about the true original location corresponding to a
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signal source object. This spread is referred to as a point spread function (PSF).
Basically, PSF describes the blurring of an image due to all relevant factors in the
imaging chain. The same blurring occurs with line objects, contrast edges, and tissue
textures in the image. Therefore, spatial resolution does not only affect the sharpness
of small focal details but, together with contrast and noise characteristics, affects the
overall appearance of the image.

(162) The practical spatial resolution of an imaging system is a combination of
several technical factors and mathematical operations. Spatial resolution may be
described in the spatial domain (e.g. in the form of high-contrast line-pair patterns
as seen in Fig. 5.1) or in the frequency domain. In the frequency domain, MTF
provides a comprehensive description of contrast representation with a continuous
range of spatial frequencies. Spatial frequencies can be thought of as a visual line-
pair pattern of white and black lines next to each other, where the density of the lines
increases at higher frequencies (e.g. 10 line pairs per cm) until the imaging system
starts to lose the original black and white contrast, and eventually just becomes grey
as white and black parts are averaged. A line-pair pattern can also be described as a
sinusoidal contrast signal with a wavelength corresponding to the visual line-pair
pattern size.

5.2.3. Noise

(163) Small details and lower contrast structures may be hidden under the noise
texture which is seen as the graininess of the image. The main component of image
noise is provided by quantum noise. Quantum noise is governed by Poisson statis-
tics, such that the observed noise, defined as the standard deviation of the grey-scale
pixel values in a certain homogeneous part of the image, is inversely proportional to
the square root of the dose. For example, by lowering the dose to one-quarter of the
original level, the image noise is doubled. This gives a simple rule for predicting the
effect on image noise if there is a change in the radiation dose level:

Noise o 1//Dose (5.1

which applies in an approximately similar manner for all x-ray modalities, but may
not apply when iterative or Al-based reconstruction is used. This relationship is
demonstrated visually in Fig. 5.2.

(164) There are also other noise components in addition to quantum noise which
play a role in x-ray imaging modalities, such as electronic noise (especially with
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Standard kernel High-detail (bone) kernel

Fig. 5.1. Examples of spatial resolution line-pair patterns with varying spatial frequency pre-
sented in computed tomography (CT) images reconstructed with a standard reconstruction kernel
(left) and a high-detail kernel (right). The image pair demonstrates the significant effect of image
reconstruction on the sharpness/blurring of the final axial image. Images have been acquired with
64-slice CT using a commercially available image quality phantom, and the same raw data were
used in both images. On the standard kernel image, the visually limiting spatial resolution is
approximately 8 line pairs cm™! (approximately 0.63 mm), whereas for the high-detail images,
it is approximately 11 line pairs cm™' (0.46 mm). Although not apparent from the image, the
image noise is increased significantly in the high-resolution image on the right, which may limit the
use of this option, especially in low contrast diagnostic tasks. The high-contrast point-source for
frequency domain analysis of spatial resolution (by modulation transfer function) is shown in the
central part of both images. Source: Mika Kortesniemi, Finland.

9 10 11 12 13 14 15 16

Fig. 5.2. Schematic picture of image quantum noise values described in terms of grey-scale
standard deviation ¢ measured from a homogeneous region, ranging from 100 (left) to 25
(right) in parallel with the corresponding exposure level (relative dose D, ranging from 1 to 16)
used in x-ray imaging. The noise in the image decreases as the exposure level increases, and
vice versa. The relationship follows the inverse square-root law. One of the most effective
optimisation steps in x-ray imaging is the definition of appropriate balance between image
noise and radiation dose. Source: Mika Kortesniemi, Finland.
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low-dose imaging with a lower level of detected x-ray signal) and anatomical noise
(interference of anatomical structures and tissue textures).

(165) As with spatial resolution, noise can also be presented in the frequency
domain by determining NPS, which can be thought of as the grain size distribution
of the noise. NPS is an important descriptor of image quality because it represents
the image texture (the noise structure of homogencous parts of the image). The
human visual system is fairly sensitive to differences in noise texture. This may
become relevant with image post-processing in digital radiography, fluoroscopy,
and CT. NPS has particular importance in CT due to the available options in
terms of reconstruction methods.

5.2.4. Combined effects of basic parameters

(166) The main image quality descriptors may be used in combination to provide
more comprehensive estimation parameters for the observed image quality. CNR
can be used as a simple measurable physical image quality parameter to describe
how a certain level of contrast may be detected by signal as compared with noise. As
such, it provides the simplest type of observer model, trying to estimate the level of
contrast detection with only two measurable parameters. However, as anticipated,
the actual observed clinical image quality is a much more complicated entity which
entails many more image-quality-related features. Such additional and clinically
relevant object (e.g. lesion) features include target size, shape, texture, edge profile,
etc. An example demonstrating different levels for visualisation of circular objects
depending on object contrast, dimension, and image noise is shown in Fig. 5.3.

(167) In addition to fundamental contrast, spatial resolution, and noise evalua-
tion, other factors, such as image uniformity and image artefacts, are also relevant
for traditional image quality assessment. Image uniformity describes the ability of
the imaging chain to keep the contrast representation constant (i.e. no additional
contrast gradients or alteration to the background signal level) in the entire image
field of view. Image artefacts refer to additional contrast features in the image which
are not present in the imaged object. There are many types of artefacts in imaging
systems, and they vary between radiological modalities (e.g. radiography plates may
have scratches and punctate densities that mimic stones, while CT images may pre-
sent ring artefacts if detector air calibration has not been performed successfully).
Artefacts may also be caused by physiological and non-physiological patient
motion, or medical devices that are inside, on, next to, or under a patient.
Overall, image non-uniformities and artefacts should be monitored and avoided
as they interfere with the image review regardless of the x-ray modality.

(168) The preceding image quality description concerns the technical imaging
chain. At the image review and observer level, other parameters such as room illu-
mination, display monitor performance, display viewing distance, and even operator
noise (concerning inter- and intra-observer variability) eventually have an effect on
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Low contrast

High contrast

Low noise Medium noise High noise

Fig. 5.3. Example of circular contrast targets with two different contrast levels (stronger
contrast on lower row images) and varying noise level (increasing noise from left to right
images). Each image includes five targets with varying target size and random positions in the
field of view. The images demonstrate the different visibility of targets, and how smaller
targets are more difficult to detect despite the same contrast-to-noise ratio as the larger targets
in the same image frame. Source: Mika Kortesniemi, Finland.

image quality optimisation. Thus, a comprehensive evaluation of clinical image
quality for optimisation is a highly challenging task. To develop the optimisation
process and methods further, specifically to move further from the traditional image
quality parameters and utilise more clinically relevant image quality metrics, model
observer methods are introduced in Section 5.3.3 and expanded in Annex B.

5.3. Objective technical image quality assessment: metrics and phantoms
5.3.1. Geometric image quality phantoms: requirements

(169) The three x-ray modalities — digital radiography, fluoroscopy, and CT —
have in common certain basic tests and hence phantom design requirements to
measure the technical performance of the systems in terms of image quality (Mah
et al., 2001; Xu and Eckerman, 2009; DeWerd and Kissick, 2014; Hernandez-Giron
et al., 2016). The phantoms used should contain patterns or test objects to enable
measurement of uniformity, noise level, spatial resolution, low contrast detectability
(threshold for the smallest object and/or contrast level of similar attenuation to the
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Fig. 5.4. Fluoroscopy images of an image quality phantom containing two radial distribu-
tions of low contrast targets (highlighted in green), dynamic contrast targets (highlighted in
blue), and spatial resolution patterns (middle square). The selected abdominal protocol
offered a low-dose (left) or high-dose (right) set-up. The low-dose protocol provided less x-
ray quanta reaching the detector, and hence a lower image quality level, as can be seen in this
image pair. Source: Irene Hernandez-Giron, The Netherlands.

surrounding background) in terms of CNR, and the presence of possible artefacts in
the images (an example for fluoroscopy is shown in Fig. 5.4). These basic image
quality parameters do not require sophisticated tools for quantification, but they still
reflect the most important features contributing to technical image quality.
Therefore, they will define the Level C methods.

(170) Image quality evaluation may cover an extensive set of methods beginning
from the signal generation of the imaging modality, and ending with the diagnostic
task using clinical data. An example of the fundamental technical level is the testing of
the calibration curves used to translate the signal reaching the detector into the grey
values in the images. As another example, a technical CT image quality phantom with
a set of materials with well-described attenuation for the applied x-ray energy can be
used (Fig. 5.5, left) to test the correct contrast performance of the scanner.

(171) There are numerous commercial phantoms that are widely accepted world-
wide for these tasks by medical physics organisations, and used as standard in
guidelines for QA. These phantoms are usually called ‘geometric phantoms’ because
they have simple geometric shapes (such as cylinders, squares, lines, line pairs, and
points). They contain patterns of objects in a uniform material background to mea-
sure the image quality metrics. The vendors of imaging devices often have their own
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Fig. 5.5. Computed tomography (CT) image of a commercial phantom used to measure
linearity, containing different materials with known attenuation properties (left). On the
right is an example of a CT vendor-specific phantom used in regular testing. Source: Irene
Hernandez-Giron, The Netherlands.

basic phantoms that can be used to quickly check most of these parameters, if the
specifications of such phantoms are known (Fig. 5.5, right).

(172) For all three modalities, especially for optimisation of clinical protocols, it is
recommended to mimic (at least) the total attenuation of the patient. In the case of
digital radiography and fluoroscopy, commercial phantoms are usually thin and do
not reproduce the total attenuation of the patient’s head or body. They should be
combined with polymethyl methacrylate blocks or copper plates placed at the x-ray
tube exit to reach an equivalent total attenuation to a patient. This enables the
imaging system to perform in automatic mode as it would in clinical use, and results
in measurements of image quality and dose closer to the clinical set-up. If such an
attenuator is not available, even a simple water container may be used to create the
relevant net attenuation. In the case of CT, the phantoms used for protocol opti-
misation should not only reproduce the total attenuation of the patient, but also
their shape and overall size in the x—y direction for the investigated indication (body
region). This is particularly crucial in CT protocols combined with AEC. Some
commercial phantoms have external rings that can be bought separately for this
purpose (Fig. 5.6). As an alternative for soft tissue, water slabs or bolus can be
used to increase the diameter and attenuation of the phantoms to make them
closer to the desired patient size (Gardner et al., 2014).
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Fig. 5.6. External Teflon ring to mimic the attenuation of the skull (left) placed around the
Catphan phantom low contrast module, computed tomography image of this configuration,
and the effect on low contrast detectability (centre), and two abdominal rings of different sizes
(right). Source: Irene Hernandez-Giron, The Netherlands.

5.3.2. Low contrast detectability

(173) Low contrast detectability is frequently assessed by human observers esti-
mating the number of objects (with a similar attenuation to the surrounding back-
ground) that can be detected in the images for CT (Fig. 5.7), digital radiography,
and fluoroscopy. The patterns and object distribution are frequently known before-
hand by the observers, which introduces bias in the results.

50 mAs 5 mm 100 mAs 5 mm 100 mAs 50 mm

Fig. 5.7. Examples of the improvement in low contrast detectability in computed tomography
phantom images with round contrast targets. Different visualisation of low contrast detect-
ability is apparent and improves when dose is increased (between A and B) and slice thickness
is increased (between B and C). Source: Irene Hernandez-Giron, The Netherlands.

5.3.3. Model observers

(174) Human observer studies are generally applied to validate and optimise the image
quality of novel imaging systems before entering routine clinical use. This approach is
time consuming, complex, and expensive. A simplified version with skilled observers (e.g.
medical physicists) performing simple detection tasks, such as the assessment of low
contrast detectability of targets (surrounded by uniform backgrounds) in geometric
phantoms, is widely used. The results of these perception studies are constrained to the
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range of conditions and type of images analysed, which rarely represent all the available
options in the imaging device. Besides this, wide intra- and inter-observer variability may
appear, as will be discussed in the next section. Thus, alternative objective and repro-
ducible methods are needed to avoid these bottlenecks of human observer studies.

(175) Consequently, there is a growing trend to use statistical decision theory for
image quality assessment in medicine. Model observers are mathematical algorithms
that were first introduced into medical imaging as surrogates of human observers for
the detection and discrimination tasks of simple objects. As such, they are not a
substitute for the clinical validation of protocols or systems, which is still crucial
and needs the intervention of radiologists scoring patient images (Hernandez-Giron
et al., 2011; Solomon and Samei, 2016; Ba et al., 2018; Viry et al., 2021). Furthermore,
model observers cannot currently be regarded as routine tools for optimisation, but as
a more advanced methodology which requires specific image processing or medical
physicist knowledge for successful implementation. Nevertheless, model observers
provide valuable tools as they pursue the characterisation of image quality in diag-
nostic tasks in an objective way, although in an approximate manner.

(176) Model observers have two main applications in medical imaging that will
influence which model to select and how it should be implemented. The simplest
application is to evaluate and optimise the acquisition performance of the medical
imaging system. In this case, it may be sufficient for the ideal model observer to
approximate a human observer (Barrett et al., 1993; He and Park, 2013). The second
application is to test the image reconstruction process. This is a more demanding
task, especially with modern CT scanners that include more complex image recon-
struction algorithms. More complex model observers must be applied in this case,
leading to anthropomorphic model observers.

(177) The anthropomorphic model observers include approximations to certain
aspects of the visual perception process and its spatial frequency dependence in their
implementation, expressed in mathematical form. These aspects can be related to the
way that the human eye filters the frequencies present in the images or how the detection
process is triggered in the human visual cortex. Two main subclasses of anthropomor-
phic model observers are used in medical imaging: the non-prewhitening matched filter
with an eye filter, and the channelised Hotelling model observer. More detailed infor-
mation about implementation of the model observers can be found in Annex B.

(178) Besides the basic image metrics already mentioned, there is a more complex
level related to the individual diagnostic tasks that will be dependent on the indication,
disease, and patient variability. This would be related to applying model observers to
anthropomorphic phantoms containing lesions or even patient images, and is an active
field of research. In future, model observers are expected to be applied in connection
with Al-based image quality assessment methods in order to provide these new methods
with a well-established reference (ground truth) for training, validation, and testing.
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5.4. Subjective evaluation of image quality

5.4.1. Evaluation of clinical image quality

(179) Subjective evaluation of clinical image quality by an expert reviewer is a cor-
nerstone of practical radiological optimisation. Judgements of image quality must be
made by professionals with appropriate training and experience. Regular and systematic
clinical image quality evaluation has been undertaken as part of QA, or in part of that
process referred to as ‘self-assessment’. Clinical image quality evaluation is also an ongo-
ing task of the radiographer during the normal clinical workflow, in cooperation with
medical physicists when required (e.g. when a previously unseen or unknown artefact
appears). For example, in projection radiography, this will be done immediately after the
image acquisition, in order to verify that the image has been successfully produced with
appropriate projection, collimation, and post-processing. Clinical image quality evalua-
tion should also be an integral part of radiologist and other radiological medical prac-
titioner image review, with prompt feedback to those involved in image acquisition if
sufficient image quality is not achieved due to technical or procedural reasons.

(180) Subjective expert evaluation of clinical image quality by radiologists forms part
of the routine self-assessment process included in the QA programme of the radiological
department. The subjective evaluation of clinical image quality should be graded based
on image quality criteria, when available, for each modality and clinical indication.
Ideally, this would be paired with patient dose audit. Applied image quality criteria
explicitly describe the anatomical features that should be seen in a patient image, the
coverage or projections that should be included, and how the patient should be aligned
to secure a reliable and reproducible appearance of possible pathological findings.
Eventually, this diagnostic quality and reliability can be described by sensitivity, specif-
icity, accuracy, and predictive value related to specific clinical indications.

(181) To illustrate good image quality criteria with an example, a regular chest x-
ray postero-anterior projection will be used. Many professional societies in medical
imaging have offered guidelines for this traditional projection radiography view.
Hereafter, the European guidelines that have already been in use for over two
decades are summarised (EC, 1996).

(182) According to these guidelines, the postero-anterior chest radiograph (e.g. Fig.
5.8) diagnostic requirements should fulfil the image criteria shown in Table 5.1. The
diagnostic requirements in any modality and examination should be accompanied by
criteria for patient dose in terms of DRLs (and possible local DRLs), and recommended
criteria for exposure or acquisition technique applied to the available imaging equipment.
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Table 5.1. Overview of diagnostic quality image criteria for postero-anterior (PA) chest
radiography based on current guidelines (in brief), together with a patient image fulfilling
them (EC, 1996).

General image criteria for PA chest radiography

i Image acquired (typically) in full inspiration with symmetrical reproduction of the thorax

it Medial border of the scapulae excluded from the lung fields

iii Showing the whole rib cage above the diaphragm

iv Sharp representation of the vasculature in the whole lung region with particular emphasis on the
small vessels in peripheral parts

v Clear visualisation of trachea and proximal bronchi, borders of the heart and aorta, diaphragm
and lateral costo-phrenic angles

vi Clear visualisation of the retrocardiac lung, mediastinum, and spine through the heart shadow

Specific image criteria for PA chest radiography

In addition to these general image criteria, the PA chest image should also conform to appearance of
specific details entailing reliable visualisation of:
i small round details in lung area, also including the retrocardiac areas (high contrast details down
to 0.7mm diameter and low contrast down to 2mm diameter)
il linear and reticular details towards the lung periphery (high contrast details down to 0.3 mm in
width and low contrast down to 2mm in width).

An example of a clinical image quality scoring card according to these PA chest x-ray image quality
criteria is provided in EC (1996).

Fig. 5.8. An example x-ray chest postero-anterior projection image produced according to the

image quality criteria. Source: Ninewells Hospital, Dundee, UK.
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(183) Establishment of simple image quality scoring criteria for subjective evalu-
ation of clinical images for a range of scenarios, based on adequate visualisation of
pertinent anatomical structures and the usefulness of the image, could be used to
assess images in busy departments and help to reduce variability between observers.
An example of this approach using image quality scoring criteria developed for
paediatric CT images has been reported by Padole et al. (2019). Simple (and prac-
tical) scoring criteria of this type should be ‘indication-based’, and radiologists par-
ticipating in the evaluations should first ensure that the criteria are applied
consistently, as discussed earlier in this section.

(184) Subjective image quality evaluation is also related to the concept of visual
grading characteristics (VGC) analysis, in which the main task is to score or grade
how well relevant anatomical structures are reproduced in the images for a given
indication. For example, several sets of images of the same patient (with varying
acquisition and/or reconstruction parameters) can be presented to the radiologists
who have to determine if the relevant anatomical or pathological structures
are represented adequately (Bath and Mansson, 2007; Verdun et al.,, 2015).
Another approach can be to ask the observers to pick the image set they prefer in
terms of diagnostic image quality. The outcomes of the optimisation based on the
scoring of patient images based on VGC will be highly dependent on the selected
patient cohort characteristics. This cohort should be representative of the general
target population for the indication being studied. The final stage of the optimisation
process should be tailored to the clinical application, and involve the multi-
professional team of radiographers, medical physicists, and radiologists.

(185) This approach to protocol optimisation, although necessary, is complex, expen-
sive, and time consuming. As an alternative in some cases, anthropomorphic phantoms
represent, to some extent, the normal patient anatomy and even disease stages (e.g.
different types of lung nodules or liver lesions, with varying composition and shape),
and can be used for concrete task-oriented protocol optimisation. Although these
phantoms mimic patient anatomy and attenuation, and are realistic for dosimetric
purposes, some of them lack certain relevant tissues (e.g. lung parenchyma), realistic
tissue texture, or sufficient variability in terms of pathology distribution or character-
istics (Gavrielides et al., 2017; Hernandez-Giron et al., 2019). Although they are a good
starting point for clinical protocol optimisation and testing of artefacts, and are more
realistic than the traditional geometric phantoms, extrapolation of the outcomes of such
phantom studies for patients has to be done with caution.

(186) The recent developments in 3D printing, as a customisable and low-cost
alternative to create image quality phantoms, will probably improve the ability of
phantoms to replicate tissue characteristics, and widen the range of patient and
disease variability that can be used in evaluations (Filippou and Tsoumpas, 2018).
An example of such phantoms for CT, mimicking a small section of the lung vessel
distribution and combined with nodule surrogates (whose detectability can be
analysed with model observers as a function of the selected protocol), is shown in
Fig. 5.9 (Hernandez-Giron et al., 2019; Zhai et al., 2019).
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(187) Various techniques can be useful in the detection of features or abnormal-
ities, and these are described in more detail in the annexes to this publication.
Receiver operating characteristic curve analysis can be used for comparing perfor-
mance between observers or between two imaging protocols in detection tasks
involving decisions as to whether a case is ‘normal’ or ‘abnormal’ (Annex C). A
multi-alternative forced choice study consists of several images displayed simulta-
neously containing different alternatives, from which the observer is forced to
choose one of the images as being ‘abnormal’ (Annex D).

Fig. 5.9. Computed tomography (CT) images of a thorax phantom with two three-dimen-
sional printed inserts mimicking lung vessels, combined with lung nodule surrogates. For an
ultra-low dose CT protocol (dose equivalent to a chest x ray), the images were reconstructed
with filtered-back projection on the left and with iterative reconstruction on the right. Source:
Irene Hernandez-Giron and Wouter J.H. Veldkamp, The Netherlands. CLUES project
(CLUES, 2021).

5.4.2. Role of medical displays and their performance in the image quality chain

(188) The scoring of medical images should be performed following internation-
ally recommended visualisation conditions in a darkened room appropriate for diag-
nostic purposes (AAPM, 2019d). Medical diagnostic displays have to be calibrated
to visualise DICOM images and comply with the requirements of pixel size related to
the desired imaging modality. For instance, the requirements for mammography
images in terms of pixel size are more demanding than for CT or digital radiography.
The most widely used criteria are those proposed by the American Association of
Physicists in Medicine (AAPM) Task Group 270 related to medical displays
(AAPM, 2019d). AAPM also released a set of test images (phantom and patient)
that can be used to check display performance.
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(189) The use of mobile devices, such as mobile phones and tablets, has been
proposed as an alternative for the visualisation of medical images. The lifespan and
performance of these types of screen have not been thoroughly studied so far, and
with the available technology, they should never replace a calibrated diagnostic
display. These mobile devices might be given clearance for use for medical applica-
tions, but they should always be calibrated to display medical images and also used
in the correct ambient luminance conditions. Due to the shortage of radiologists
worldwide, and, to a greater extent, in low- and middle-income countries, wide
expansion of the utilisation of mobile phones has already started and is expected
to increase markedly in the next few years. Therefore, concurrent evidence-based
research studies are required to ensure the best performance of the mobile screens to
be used in medical diagnostic applications (AAPM, 2018).

5.5. Future aspects of artificial intelligence in determining image quality

(190) AI and its subsets, machine learning and deep learning, are developing
quickly to provide versatile methods for a wide range of optimisation-related
tasks, and the image quality framework needs to evolve to address their impact in
the image chain and patient outcomes.

(191) AI was originally defined as an area of science where machines perform
tasks which typically require human thinking (Boden, 1977). Within the concept of
Al, machine learning is seen as a subset of AI methods aiming towards data-driven
decisions via models created from large-scale training data (Natarajan et al., 2017).
As such, machine learning may provide outcome prediction on new unseen data
based entirely on earlier training data without previous programming or hand-
crafted models. Therefore, machine learning methods learn from experience
(Meyer et al., 2018). Further in the hierarchy of machine learning methods, deep
learning forms a subset of machine learning with a gradually increasing level of
abstraction as the data are fed through several data processing layers in a neural
network architecture, providing higher abstraction level feature maps from the orig-
inal input data (Krizhevsky et al., 2012; Adam et al., 2017; Meyer et al., 2018). The
hierarchy of these methods is presented in Fig. 5.10.

(192) Various methods related to AI, machine learning, and deep learning are
developing rapidly around health care as in all sectors of science and industry
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ﬁk‘l’l FICIAL INTELLIGENCE (Al)

Performing tasks typically invelving human intelligence by machines

MACHINE LEARNING (ML)
Enabling Al to learn directly from data without explicit programming

DEEP LEARNING (DL)
Subset of ML based on deep neural networks

Fig. 5.10. Hierarchial concepts from artificial intelligence to machine learning and deep learn-
ing. Methods of artificial intelligence cover a wide range of applications where the availability
of big data and increased computing power has enabled the rapid development of machine
learning. As a subset of machine learning, deep learning has demonstrated versatility in appli-
cation to several tasks also related to optimisation.

(Ranschaert et al., 2019). Deep learning is already being used in CT image recon-
struction. Increasing interest has been shown in machine learning for radiology
because typical imaging objects, such as lesions and organs, appearing in medical
images are, in practice, far too complex to be described by a simple equation or
hand-crafted model as used in conventional computer-aided diagnostics (Litjens
et al., 2017; Suzuki, 2017). Deep learning methods, especially convolutional neural
networks and its variants, have already shown convincing results in medical imaging
related to many diagnostic tasks traditionally handled by human experts. Such tasks
include lesion or tissue localisation, segmentation, classification, and clinical out-
come prediction (Litjens et al., 2017; van Assen et al., 2020; Barragan-Montero
et al., 2021; van Leeuwen et al., 2021; Castiglioni et al., 2021).

(193) The main challenge in Al methods (in supervised learning) has been access to a
sufficient amount of annotated and representative training and validation data, which
is a fundamental prerequisite to achieve sufficient robustness in making Al methods
more applicable to clinical regimes (Adam et al., 2017; Litjens et al., 2017; Meyer et al.,
2018). This robustness must also be proven with retrospective and prospective clinical
validation trials extending to varying multi-centre data (involving, for example, multi-
vendor data) before such methods can be safely applied in wider clinical routine.

(194) AT methods can also be applied directly in the optimisation of the radio-
logical chain. Image quality classification and grading, in addition to patient-specific
dosimetry, may be realised with a machine learning/deep learning approach (Samei
et al., 2018). These fast-developing objective and efficient Al algorithms may com-
plement and ultimately replace traditional methods such as model observers for
image quality assessment and Monte Carlo simulations for dosimetry calculations
(Lee et al., 2018; Maier et al., 2018). The first attempts to develop model observers to
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deal with patient images were based on deep learning to tackle the variability of
anatomical background and its influence in low contrast detectability (Gong et al.,
2019). The principle of optimisation goes much further than just balancing image
quality and dose. In medical imaging, it should finally lead to objective and reliable
quantification of diagnostic value in terms of care outcome. Therefore, the final
conceptual level of optimisation should concern risk vs benefit assessment performed
for individual patients and clinical procedures (Samei et al., 2018). In order to
achieve such a comprehensive level of optimisation, many types of clinical and
healthcare data are likely to be needed in combination with the diagnostic imaging
data to produce adequate clinical metrics and multi-dimensional features used for
clinical outcome classification and prediction models (Esteva et al., 2019).

(195) In general, Al in health care can develop in synergy with the exponential
growth of available curated data to create possibilities for better-informed decisions.
Finally, these developments are expected to improve quality and safety of health
care, and also reduce costs by enabling more predictive, preventive, and personalised
care (Adam et al., 2017; Mollura et al., 2020).

5.6. Overview of stages of development

(196) Some of the steps discussed in Section 5 are set out in Table 5.2 in terms of
the levels of optimisation discussed in Section 3. More information on implementa-
tion of image quality assessment relating to different modalities in terms of levels is
given in Annex E.

Table 5.2. Classification of image quality metrics and methods linked to the implementation
levels.

Level D: Pre-optimisation level (basic infrastructure)

e Availability of vendor phantom for basic image quality assessment for all imaging
modalities.

e Availability of simple protocols to test system performance with such phantoms, fol-
lowing the vendor guidelines, simple visual scoring, use of vendor software or freeware
for basic image analysis.

Level C: Basic (Level D plus)

e Evaluation of clinical images through regular reporting (against good image quality
criteria) by a trained radiologist or other radiological medical practitioner.

e Subjective clinical image quality evaluation as part of routine self-assessment and paired
with patient dose audits.

e Utilisation of clinical image data in simple assessments by using contrast and noise
measurements from regions of interest, enabling a contrast-to-noise ratio level image
quality assessment from image data.

e Using specific geometric phantoms (if possible, recommended in international guidelines to
favour benchmarking between systems and hospitals) for image quality assessment in the image
domain — contrast, noise, spatial resolution, artefacts, uniformity, geometry, image collimation
and centring, and detector exposure index — as measured manually and evaluated visually.

(continued on next page )
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Table 5.2. (continued)

e Diagnostic display quality control in the form of a visual test image review, based on
Society of Motion Picture and Television Engineers or, preferably, more up-to-date test
patterns for flat panel displays, such as TG270-sQC (AAPM, 2019d).

Level B: Intermediate (Levels C and D plus)

e Expansion of image quality evaluation to more versatile phantoms — geometric phantoms that
mimic the total attenuation and/or shape of the patient. This may be through specially designed
phantoms or through use of test objects in combination with external rings/supplements for
different body parts (e.g. head, abdomen) to test image quality closer to the clinical situation.

e Comprehensive and systematic quality assurance programme for image quality covers
all imaging modalities. Image quality and dose measurements combined together using
anthropomorphic phantoms for selected clinical protocols.

e Comprehensive display monitor and illumination measurements: visual evaluation of
test patterns (e.g. TG270-sQC), DICOM grey-scale standard display function contrast
and luminance response, and uniformity measurements with luminance meter (e.g.
applying advanced physical TG270-pQC test pattern) (AAPM, 2019d). Verification of
monitor consistency in a multi-vendor set-up.

Optional progressive steps towards Level A:
e Simple model observer evaluations — detectability of low contrast objects in phantoms in

selected optimisation tasks involving image quality assessment.
Level A: Advanced (Levels B, C, and D plus)

e Use of anthropomorphic phantoms as consistent patient surrogates in terms of dose
and, if possible, containing anatomical structures and organs, for visual image quality
tests and clinical image quality self-assessment, artefact check, protocol dose check
compared with standard patients, and basic image quality tests in the image domain.

e Systematic and wide scale monitoring of image quality measured on phantom images acquired
in radiological quality assurance programme for the main imaging modalities, covering also
display monitors for primary diagnostics and secondary use. Image quality extending from
phantom to patient image monitoring combined with radiation exposure monitoring.

Optional (Level A plus):

e Application of model observers, based on indication-specific task functions. These
models should be used in combination with anthropomorphic phantoms mimicking
typical patient and organ representation. Images of these complex anthropomorphic
phantoms could also be scored subjectively by radiologists or other radiological medical
practitioners during the optimisation process.

e Image quality metrics applied directly from patient clinical image data, possibly artificial
intelligence/machine learning/deep learning-based methods.

e Further development: connection of objective and quantitative image quality follow-up
applications with comprehensive and online quality management and patient safety mon-
itoring system, and linked to continuous organisation-wide audit process (also accounting
for management and systematic continuous improvements at an organisational level).

e Comprehensive computational environment applying virtual clinical trials for wider
range of patient and disease characteristics combined with varying imaging systems and
image processing techniques (Samei et al., 2020).
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6. EDUCATION AND TRAINING OF CLINICAL STAFF IN
OPTIMISATION METHODS

(197) Key points in this section:

Investment in an adequate staffing level, with trained healthcare staff and a com-
mitment to their continuing professional development, is essential when considering
investment in new imaging equipment and software.

Key professional groups each need a specific set of knowledge, skills, and compe-
tencies to ensure their effective contribution and participation as a team in the
optimisation process. These sets of knowledge, skills, and competencies are obtained
during university education, and maintained throughout their careers during periods
spent in training positions, residencies, and through focused courses for continuing
professional development.

Training plans should be established with well-constructed programme delivery tai-
lored to the needs of the local facility and staff, dependent on resources available.
Medical physicists have a key role in optimisation, ensuring a link between the
equipment and its clinical users. ICRP strongly recommends that their education
and clinical training should be adequate for performing this role and for educating
others in radiological protection.

X-ray equipment is becoming more complex, so operators require higher levels of
knowledge and skill. If features that could potentially reduce dose are set up incor-
rectly, they can have the opposite effect, so the need for careful, continuous efforts in
training staff has never been more crucial than it is now.

Optimisation training is more effective when provided by a multi-disciplinary
core team. This will improve mutual understanding, build a team culture, and pro-
mote effective communication. Regular reflective meetings on optimisation and
review of lessons learned from safety and near-miss events will support ongoing
education.

Professional societies should provide training programmes, and regulatory and
health authorities should encourage medical facilities to implement training in
optimisation.

Virtual and on-demand web-based packages can improve access to training and
enable review of material independent of time and location. Online training materi-
als could play a significant role for facilities in developing countries with fewer
resources by reducing the demands of travelling and scheduling, and improve overall
cost-efficiency.

Vendors of imaging equipment and software should produce updated training mate-
rial in parallel with the introduction of new systems to promote optimisation.
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6.1. Introduction

(198) The use of ionising radiation in medicine may result in unnecessary radia-
tion exposure where equipment is in the hands of untrained or undertrained oper-
ators. However, this could be largely avoided if the operators were adequately
trained in techniques for the optimisation of protection (Bor et al.,, 2008).
Although the delay in manifestation of long-term health effects resulting from expo-
sure to ionising radiation makes the associated risks difficult to comprehend or
monitor, the overarching requirement ‘to do more good than harm’ makes radio-
logical protection of patients an important ethical duty (ICRP, 2018). There are
differences in perception of radiation safety among professionals (Moore et al.,
2022). Education and training in radiological protection can enhance the under-
standing of personnel; foster the development of a culture of safety, teamwork,
and professionalism; and improve workers’ satisfaction and commitment to radio-
logical protection principles (ICRP, 2018). Investment in an adequate staffing level,
with trained healthcare staff and a commitment to their CPD, is essential when
considering investment in new imaging equipment and software.

(199) Publication 113 sets out a comprehensive discussion of the basic education
and ongoing training of all stakeholders in radiological protection in medicine,
including suggested content, objectives, management approaches, and the approxi-
mate minimum time needed for this training (Table 3.1 in ICRP, 2009). However,
other aspects should be added regarding practical operation and understanding of
the hardware and software now incorporated into x-ray equipment, multi-modality
image merging, reformatting and reconstruction, possible use of Al/machine learn-
ing, and the use of accessories and other devices such as contrast injectors that may
affect image acquisition and contribute to image quality. The recommended knowl-
edge content about radiological protection and dosimetry is important, but effective
optimisation also requires other critical skills, namely building a strong team and
safety culture based on mutual respect and effective interaction and collaboration
between the professional groups. This becomes ever more important with the
increasing complexity of modern x-ray equipment. Radiologists, other radiological
medical practitioners, and radiographers need to work closely with medical phys-
icists to ensure that the operation of dose reduction features is understood and
facilities are used properly. Professional links and mutual understanding should
be developed from the start through collaborative training and continuing dialogue,
with regular reviews and update training focused on maintaining and developing
competencies in optimisation through a team approach.

6.2. Professionals with a role in the optimisation process

(200) Key professional groups each need a specific set of knowledge, skills, and
competencies (KSCs) to ensure their effective contribution and participation as a
team in the optimisation process. These KSCs are obtained during undergraduate
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education, and maintained throughout their careers during periods spent in training
positions, residencies, and through focused courses for CPD.

(201) Education and training of health professionals involved in medical imaging
should provide the KSCs needed for them to perform optimisation effectively as part of
their role. This is not constrained to radiology, radiography, and medical physics pro-
fessionals, but applies to the full range of professionals involved in medical imaging, as
exemplified in Table 6.1. The training of these individuals needs to be built on through-
out their careers, with the level and detail being dependent on their role. For techno-
logically-based roles, it will include new protocols, software, imaging methods, and
technologies as they become available. For other roles, such as those of the anaesthe-
siologist and management, simple awareness of the issues may be enough. To facilitate
targeted and appropriate delivery of training, up-to-date training plans should be devel-
oped based on assessment of the needs of the local facility and staff (e.g. infrastructure,
staffing, clinical workload, and available optimisation options).

(202) A core team for optimisation should include the medical physicist, the
radiologist or other radiological medical practitioner, and the radiographer. It is
imperative that an appropriate training regime is developed for this core group to
become familiar with each other and the new technologies. Once this has begun, they
will be more responsible and prudent, more productive, and able to fine-tune equip-
ment settings to achieve better results for the specific imaging modality.

(203) Each of the professionals shown in Table 6.1 has an important role to play in
optimisation, but due to the specific education as a healthcare scientist, the medical
physicist has a key role in ensuring a link between the equipment/software and its
clinical users. In many circumstances, the lack of access to a medical physicist qual-
ified in medical imaging is an obstacle to optimisation. This problem is of particular
importance for rural/small facilities or low- or middle-income countries where the
profession does not exist or is not recognised as a healthcare profession. In addition
to being responsible for the technical QC and dosimetry, clinically qualified medical
physicists have specific skills and competencies in optimisation. The Commission
recommends that access to medical physicists qualified in medical imaging is ensured
in all activities related to diagnostic and interventional radiology, and that their
education and clinical training is adequate for performing their role in optimisation.

Table 6.1. Healthcare professionals with a role that affects patient doses.

Personnel Role in the optimisation process

Referring physicians In the request for an imaging procedure, should precisely formulate the
clinical question to be answered by the procedure, and should pro-
vide all relevant documentation and information that will support
the imaging specialist in selecting the best image acquisition
approach (justification and optimisation).

(continued on next page)
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Personnel

Role in the optimisation process

Radiologists

Involved in the decision-making process on the appropriateness of the
examination (justification), in patient protocol development and
selection, and in interpreting images and reporting results. These
specialists take the main responsibility for patient protection,
including optimisation, and also have responsibility for the protec-
tion of staff members assisting in fluoroscopic procedures.

Other radiological
medical practitioners

Performing image-guided procedures (e.g. cardiologists, orthopaedists,
neurosurgeons, gastroenterologists, etc.), these professionals have
responsibility for selecting optimal acquisition protocols, interpret-
ing images, and reporting results. They also have responsibility for
patient protection and should play a role in the protection of staff
members assisting in the procedures.

Radiographers

In most cases, radiographers are the operators of digital radiography
and CT equipment, and the main healthcare workers interacting
with patients. These specialists are responsible for optimisation by
using the most appropriate acquisition protocol tailored to the
patient size and conditions that will provide the diagnostic content
needed at the lowest possible dose. Effective interaction with a
patient plays a key role in achieving the best results and care.
Radiographers will also carry out some QC measurements to ensure
constancy of performance is maintained, as part of the QA pro-
gramme. Imaging modality supervisors have a key role in optimi-
sation teams.

Medical physicists
qualified in medical
imaging

Apply their scientific knowledge as part of the optimisation team in
creating and optimising clinical protocol needs for the many com-
plex CT, digital radiography, fluoroscopy, and fluoroscopically-
guided procedures in modern imaging facilities. In addition, the
duties of medical physicists relate to defining and supervising the
QC and QA programmes, which include patient dose monitoring,
and dose audits for comparison with DRLs. In some countries,
medical physicists making QC measurements are not facility staff
but are employed by independent companies or government insti-
tutions, and in these cases, they need to be brought into the opti-
misation teams to work with other professionals.

Any other staff involved
in preparing patients
or performing procedures

For example, anaesthesiologists, speech therapists, and nurses. These health-
care professionals should also have knowledge and skills to support the
optimisation process and protect themselves, comforters and carers, and
their patients during imaging procedures. An important group here are the
clerical staff who make patient bookings, and may well have a role in
patient identification.

(continued on next page )

96



Optimisation of radiological protection in digital radiology techniques for medical imaging

Table 6.1. (continued)

Personnel

Role in the optimisation process

Medical physicists and
biomedical engineers
involved in specification

Involved in the development of technical specifications for purchasing
imaging equipment, these professionals play an important role in
ensuring that the x-ray equipment characteristics and the perfor-
mance requirements are correctly formulated, including dose-man-
agement-related requirements.

Maintenance engineers
and service specialists

Although not involved directly in the clinical process, these professionals
play an important role in ensuring optimal setting of all equipment
parameters and constant performance of the imaging system. These
specialists/engineers provide equipment maintenance, install software
upgrades, and carry out QC measurements to confirm performance in
relation to equipment maintenance and repair. They have responsi-
bility for providing sufficient information and training to the users of
imaging equipment on the system features. They should be familiar
with the impact of software updates on system performance to the
extent that they can explain this to the operators, thus helping them to
define optimal performance.

Facility managers and
healthcare executives

Assume overall responsibility and transparency for outcomes of the

radiological protection programme and resources, for quality and
dose management, for staff adequacy and competence, and for
building a strong safety culture.

Patients and families/carers

Shared decision-making process of justification and patient’s ability to
undergo imaging examination. Add layer of accountability to opti-
misation process.

Equipment and
software vendors

Although not directly involved in the clinical process, vendors should

understand the importance of connectivity to existing systems,
providing a plan for initial cascade training, and instruction for new
equipment and/or software for a facility’s users. They should pro-
vide appropriate applications training when introducing new sys-
tems and software updates, as agreed at the equipment procurement
stage. Training modules could be provided on their websites.

Regulators

Should have an understanding of doses, dose units, and both the

potential benefits and radiation health risks with each imaging
modality for proper radiological protection oversight.

CT, computed tomography; QC, quality control; QA, quality assurance.
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6.3. Understanding requirements of equipment operation for
optimisation

6.3.1. The two pillars of optimisation

(204) There are many aspects to optimisation for building quality and safety in
diagnostic imaging (see Section 1.2); these come under the two pillars of optimisa-
tion from Publication 73 (ICRP, 1996). The first is concerned with the facility and
equipment, and the second with the overall competence of those personnel carrying
out day-to-day operational tasks (Fig. 6.1). The personnel need the KSCs to select
the appropriate imaging examination, optimise the examination, and protect both
the patients and the workers in the room during these examinations. In order to
acquire the KSCs, they need to be provided with ongoing training mechanisms
through their employer, CPD/CME (continuing medical education), their profes-
sional organisation, or government. Inadequate KSCs may result in failure to adjust
imaging protocols to the clinical question. This could result, for example, in not
considering patient size, with the potential result of unnecessarily high (or low) doses
and/or poor image quality (ICRP, 2000a,b, 2004, 2007a,c, 2010, 2013a, 2015).

(205) It is important that training reinforces the concept that optimisation is
iterative in that it requires ongoing monitoring, team review, and analysis of per-
formance to maintain and improve protocols, dose reduction, or dose increase when
image quality is not adequate, aided by continuous learning and feedback.
Radiological protection culture relies on — and is built on — a safety culture existing
within a healthcare facility or organisation (IRPA, 2014).

Quality and Safety

Equipment People
« Design features » Knowledge
« Configuration « Skills
* Quality control » Competence
» Maintenance » Responsibility

= °
@ 28

Fig. 6.1. Two foundational pillars of optimisation on which quality and safety in diagnostic
imaging are built: the facility design, equipment, and software on the left; and the trained
professionals performing the workflow process and imaging protocols on the right.
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6.3.2. Training issues arising from the complexity of digital imaging equipment

(206) In response to increased awareness of the need for patient radiation expo-
sure management, vendors of medical imaging equipment have developed many
technological solutions to improve image quality and reduce patient dose (AAPM,
2019c; Balter, 2019). Modern imaging equipment has more automatic and user-
friendly control functions, allowing for easier day-to-day operation and improved
optimisation. However, this can create a false perception that the equipment almost
works by itself (rather analogous to the driverless car) in acquiring perfect images at
the lowest possible doses for patient and staff, but this is far from the reality.
Moreover, vendor pre-set protocols are often not set up adequately to fully provide
the best optimisation.

(207) The automated systems to reduce patient dose in modern digital imaging
equipment are complex. If they are set up correctly, they will provide a much better
service with lower doses, but if they are set up incorrectly, features that could poten-
tially reduce dose can have the opposite effect. Staff may be unaware because
the images are good and the dose reduction tool has been switched on
(Trianni et al., 2005). Therefore, more complex equipment requires more knowl-
edgeable and skilled users behind the machine, so the need for careful continuous
efforts at training staff has never been more crucial than it is now.

(208) Facility managers and clinical stakeholders may be keen to invest in pur-
chasing expensive, high-profile, imaging equipment, but if they do this, they must
also support appropriate training programmes tailored to the imaging device for all
the staff involved. An efficient strategy may be one of ‘cascade training’, where a few
staff learn how to optimise the new device/software in more depth in order that they
can then pass on their knowledge to more staff internally. Otherwise, the full poten-
tial of the equipment will not be realised, and patient doses could be increased rather
than reduced. Radiology professionals responsible for management, quality, and
patient and staff safety have a responsibility to ensure that facility management
are aware of, and support, the need for the provision of adequate training. The
same is true of vendors and their representatives. In this context, vendors also
have a responsibility for the provision of tools and support to implement such
specific end-user training.

(209) Developments in application and use of AI, notably machine learning,
relating to optimisation of imaging are expanding rapidly and have, in some
cases, demonstrated improvements in standardisation and optimisation of protocols
compared with expert radiologists (Mukherjee et al., 2020; Pinto et al., 2021). As this
rapidly expanding field moves forward, further developments will require validation,
policy, and ethical oversight. This will, in turn, have particular implications for staff
training, with a need for teamwork to achieve implementation and establish ade-
quate QA processes (Levenson, 2012). The associated investment in training needs to
be made now in order to avoid future clinical errors with potentially catastrophic
consequences.
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6.3.3. Understanding the concept of optimisation and the team approach

(210) Basic medical education complemented with specific clinical and imaging
knowledge is assumed for medical imaging specialists, and such education is avail-
able from many sources. In addition to this basic and specialist education, imaging
professionals must learn the radiological protection principle of optimisation, why
they should care about it, and how they can work as a member of the core team to
implement it across a growing variety of imaging modalities, complex protocols, and
patient sizes, and be engaged in it. These are important goals of the training for the
core team professionals in optimisation that should be considered when developing
learning objectives.

(211) For best results, optimisation education and training should aim to improve
patient care and optimise clinical outcome rather than focus on ALARA or dose
reduction alone. This is an iterative process (ICRP, 2006, 2017) and is strongly
related to quality improvement, as well as the principles of biomedical ethics
(ICRP, 2018; Beauchamp et al., 2019). In this context, training on optimisation
should include means to improve professional knowledge, skills, and attitudes,
and develop the competencies needed to effectively implement optimisation, which
will also contribute to building stronger teams. Regular reflective meetings on opti-
misation and review of lessons learned from safety and near-miss events will support
ongoing education.

(212) When training on optimisation is provided by a multi-disciplinary team,
members will complement each other, improve mutual understanding, and foster a
team culture. Multiple studies show that one of the obstacles for optimisation is the
limited appreciation by different professionals of their respective roles and compe-
tencies. This creates a barrier to effective communication which leads to delays,
protocol errors, sometimes repeat imaging, and patient safety concerns (Hyer and
Novello, 2006; EPA, 2007; Lau et al., 2011a,b).

6.4. Provision of training

6.4.1. Ways of sharing information for learning

(213) Guidance on radiological protection education and training of healthcare
professionals has been developed, for example, by ICRP and the European
Commission, including optimisation among the list of essential learning topics
(ICRP, 2009; EC, 2014). Other professional organisations have developed a variety
of learning resources on efficient approaches for optimisation (IAEA, 2021a,b).

(214) Knowledge (theoretical basis), skills (ability to apply this knowledge), and
attitudes (the personal and interpersonal behaviour needed to perform duties with
high quality and safety), as components of a person’s KSCs, relevant to optimisation
are obtained and maintained during university education, postgraduate training and
residencies, and focused courses for CPD. Depending on the scope and purpose,
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these courses could either be targeted at one specific group of healthcare providers or
encompass a broader multi-disciplinary group of professionals. The latter is partic-
ularly important for optimisation, so staff members can better understand and
appreciate their respective roles and the roles of other professional groups.
Radiology and facility management should make attendance at such courses acces-
sible to all, rather than specific staff groups.

(215) Training on optimisation can be provided in structured courses and shorter
focused sessions to stimulate interaction and knowledge/opinion sharing between
professionals with different roles. Refresher courses and special focused sessions
organised during professional congresses and scientific conferences, as well as learn-
ing initiatives from professional societies, vendors, or other organisations, have an
important role in updating staff about new technological developments and sharing
optimisation experiences.

(216) Records should be kept of training provided, and organisations that provide
formal courses should be accredited. More information on methods for accreditation
of courses, certification of individuals, evaluation of knowledge gained, and obtaining
feedback from course participants is given in Publication 113 (ICRP, 2009).

(217) A combination of lectures, practical training, and hands-on sessions in a
hospital environment in small groups has proved to be an effective learning
approach for optimisation. Other options include using simulators, video tutorials,
and e-learning tools. Some student radiology learning includes cartoon self-study,
and others use competitive 3D gaming virtual worlds such as ‘Second Life’
(Rudolphi-Solero et al., 2021). This can be complemented with on-the-job training
through scientific visits to imaging facilities with recognised good practice (Vassileva
et al., 2012, 2013; Rastogi et al., 2020).

(218) Regular departmental meetings provide opportunities for imaging team
members (i.e. radiologists, radiographers, and medical physicists) to discuss optimi-
sation and quality improvement, identify priority actions, and distribute roles. Each
facility should assess the training needs, taking into account the local conditions,
and more information on training plans, the design of programmes, and different
formats that might be considered for provision of training is discussed in Publication
113 (ICRP, 2009).

6.4.2. Improving teamwork skills

(219) Fostering multi-disciplinary teamwork is an essential component of optimi-
sation training, and staff should receive instruction on team building and communi-
cation with other disciplines. The trainers themselves should be role models for proper
teamwork, and this can be facilitated by cascade training activities on optimisation
involving multi-disciplinary teams. This approach will support team culture and safety
culture through improving mutual understanding and respect for others.

(220) Building a teamwork atmosphere as part of training on optimisation can be
achieved by sharing activities; dividing the responsibility between team members;
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allocating multiple tasks so that individuals can substitute for each other whenever
possible, and can easily relocate; sharing rewards and accountability; encouraging
positive competition between the team members; and helping new members through
the sharing of experiences within the team itself.

(221) Working in a team, in which there is a positive attitude towards improvement
with encouragement to share lessons learned from mistakes or near-misses, and where
members are open to positive criticism and willing to adapt their practices, will motivate
team members to develop an innovative approach to optimisation (Moore, 2016, 2017).

6.5. Knowledge content adaptation as a basis for optimisation

(222) Each of the key professional groups needs a specific set of KSCs essential
for their effective participation in the optimisation process. Competencies define the
application of the knowledge, skills, and behaviours in the setting of daily practice.

(223) Current thinking would suggest that education and training in optimisation
in medical imaging should be based on Bloom’s taxonomy of learning. It has long
been recognised that learning takes place at an increasing level of complexity from
the simple recall of facts to the process of analysis and evaluation (Fig. 6.2). This
ascending order of complexity was first described by Benjamin Bloom, an American
educationalist (Bloom and Krathwohl, 1956), and has since been revised to reflect
more current approaches to teaching, learning, and evaluation (Anderson and
Krathwohl, 2001). The taxonomy classifies forms and levels of learning based on
the premise that an individual cannot apply or evaluate something until it is under-
stood, and that learning at the higher level is dependent on having acquired the
prerequisite knowledge and skills at lower levels. This is the basis for qualifications
frameworks for lifelong learning worldwide (EPC, 2008; UNESCO, 2018; ACGME,

Creating

Putting together information to create new approaches

Evaluating
Examining information and making judgements based on criteria

Analysing

Breakdown results into components and determine relationships

Applying

Applying concepts in carrying out procedure in new situation

Understanding
Constructing meaning from instructional messages

Remembering
Retrieving information from long-term memory

Fig. 6.2. The forms and levels of learning identified in Bloom’s taxonomy, with brief descrip-
tion of the processes to which they might apply in the context of optimisation.
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2019). Educational curricula that use Bloom’s taxonomy should be applied through-
out the radiological protection worker’s career to ensure lifelong learning. Modules
have been created entitled ‘entrustable professional activities’ which provide mea-
surable assessment of individual KSCs (AAMC, 2014).

(224) This model enables the educator to define the student learning outcomes
based on the KSCs that are necessary for radiological protection professionals to
apply to optimisation at various levels in the clinical setting. Most of the topics are
common for all groups, but the content may need to be adapted to the basic knowl-
edge of each professional group. Examples of key KSCs that enable the development
of training modules on optimisation as part of a radiological protection education
and training programme are given in Annex F, and more comprehensive lists have
been published elsewhere (ICRP, 2009; EC, 2014).

6.6. Responsibility for training

(225) Earlier recommendations of the Commission define responsibilities of dif-
ferent parties in respect of radiological protection education and training, and also
apply to training related to optimisation (ICRP, 2009). Organisations highlighted in
particular are: universities, training institutions, and scientific societies; radiological
protection regulatory bodies and health authorities; international organisations; and
radiology equipment vendors.

(226) Professional societies should provide training programmes, and regulatory
bodies and health authorities have a critical role in requiring that training providers
authorised to give certification for medical professionals have sufficient infrastruc-
ture and qualified staff for organisation of the training programmes. In addition,
regulatory officers need to have a basic knowledge about optimisation approaches in
different modalities to understand and appreciate the importance of optimisation.
They need to understand the concept of DRLs and dose audits, and require their
implementation during authorisation and inspection processes.

(227) The Bonn Call for Action jointly issued by IAEA and WHO in 2012 iden-
tified the need to enhance implementation of the principle of optimisation of pro-
tection and safety, and the need to strengthen radiological protection education and
training of health professionals as two of the 10 priority actions to improve radio-
logical protection in medicine in the next decade (IAEA/WHO, 2012). An online
Bonn Call for Action implementation toolkit has been published recently by IAEA,
including online resources for training in optimisation in several languages (IAEA,
2021a). Virtual and on-demand web-based packages can improve access to training
and enable review of material independent of time and location. Online training
materials could play a significant role for facilities in developing countries with
fewer resources by reducing the demands of travelling and scheduling, and improve
overall cost-efficiency. Annex C of Publication 113 (ICRP, 2009) gives examples of
some sources of training material provided by different international organisations
(IAEA, ICRP, International Radiation Protection Association, EC); professional
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societies; alliances such as Image Gently, Image Wisely, and EuroSafe Imaging; and
some universities in different formats (online resources for basic or continuing train-
ing, such as e-learning, webinars, etc.).

(228) Equipment vendors have an important role to play in providing training for
new technologies that is relevant to optimisation. Training materials should be pro-
duced in parallel with the introduction of new imaging technology and software.
Emphasis should be placed on the correct use of new equipment features that have
the potential to reduce patient doses, the understanding of settings so that system
features function correctly, adaptations for different patients and imaging tasks, and
an appreciation of the significance of displays of dose quantities.

(229) Healthcare facility and radiology management have an important respon-
sibility for ensuring sufficient human and financial resources for optimisation and
associated training of staff (ICRP, 2007¢). They should understand that investing in
an adequate staffing level, staff training, and professional development helps to
minimise errors and risks, and improve clinical results, and this applies to training
in optimisation. Improvements in patient care and staff satisfaction that result
increase the standing of the medical facility. Hospital management need to be
made aware of training requirements linked to medical imaging, and the roles and
responsibilities of different staff members, and allocate staff sufficient time to enable
them to achieve and maintain competences.

(230) Healthcare professionals performing medical imaging have to assume their
own responsibility for acquiring and maintaining their KSCs, including those in
respect of their role in optimisation, as a basic requirement to practice their profes-
sion, and to keep themselves updated throughout their professional careers. Equal
opportunities should be given for education and training to all staff, and this applies
to training in optimisation. All trainers and staff should be treated equitably relative
to training and in-services without regard to gender, seniority, ethnicity, or familial
relationships.
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ANNEX A. DESCRIPTORS OF IMAGE QUALITY
A.l. Noise

(A1) Stochastic fluctuations of pixel values around the average measurement in a
region of interest on the image, given by the standard deviation (o) of said values. For
x-ray-based imaging modalities, the number of photons reaching the detector (N)
follows Poisson’s law and ¢ o /N. This relationship may not be applicable when
iterative or more complex reconstruction methods are used to generate the images.

A.1.1. Visual noise

(A2) Amount of ‘graininess’ observed in the image that can hinder relevant ana-
tomical features or lesions. The noise texture, or appearance of the noise distributed in
blob or cluster-like structures, can also be assessed visually. The latter is more relevant
in imaging modalities such as CT, where different reconstruction methods (filtered
back projection, iterative, deep-learning based) and reconstruction kernels (soft,
sharp, etc.) can be selected to enhance structures and greatly affect the noise texture.

A.1.2. Signal-to-noise ratio

(A3) Quotient between the signal (S, measured as the mean pixel value) and the
noise (o, standard deviation of pixel values) in a region of interest. The signal-to-
noise ratio (SNR) is proportional to the square root of the number of photons
reaching the detector in x-ray imaging, when they follow Poisson’s law:

S N
SNR xx = =—=1+/N
6 N

A.1.3. Noise equivalent quanta

(A4) In a real imaging detector, there is a loss or inefficiency in the process of
collecting the photons reaching the detector, and not all of them will contribute to
the final image generation (Ngea<Nigea1)> Which is represented by the noise equiv-
alent quanta (NEQ) and linked to the SNR:

NEQ = Nreas = SNR%_,

A.1.4. Noise power spectrum

(AS5) Distribution of the noise amplitude for each frequency value in an image,
related to the observed noise texture. It is usually measured on images of a uniform
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phantom in selected and limited regions of interest (ROIs). It can be measured in
two dimensions (2D) or three dimensions (3D) for volumetric imaging. The defini-
tion of the noise power spectrum (NPS) in 2D is as follows:

AAy 1 L — P
NPS () = T N 3 ’FTQD{ROIi(x, ”) —ROIiH
i=1

where A, and A, are the pixel sizes in the x and y dimensions; Ly and L, are the
lengths of the ROIs (expressed in pixels) for both dimensions, Nroy is the number of
ROIs used in the average operation, and ROI; is the mean pixel value of the ith ROI.

(A6) NPS can be easily extended to 3D, when the imaging modality requires, such
as in CT. NPS represents the decomposition of noise (g) over the spectral frequen-
cies, and a fast approximation of noise is measuring the area under the NPS. The
equation by which they are related is:

2= / / NPSso (fe, f3)dfedlfy

A.2. Contrast

(A7) Intensity difference between an object (target, T) and the surrounding mate-
rial (background, Bg) in the image. It is recommended to take ROIs of the same size
over the object and the background, and measure respective mean pixel values
(MPV) and subtract them to obtain the contrast (C). C can be negative or positive
(e.g. with hypodense and hyperdense liver lesions, respectively, in CT) and some-
times the absolute value is taken. It is also common to use relative contrast (C,
often expressed as a %) in which a reference object is used to normalise the measured
intensity difference between object and background:

C = MPVy — MPVy,

MPV1 — MPVg,

C =
rel MPVref

A.3. Contrast-to-noise ratio

(A8) Quotient between contrast and noise (¢), usually measuring the latter in the
background sample:

CNR o C _MPVy — MPVy,
o

N N
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A.4. Detective quantum efficiency

(A9) The detectors of medical imaging systems are not ideal and this leads to a
certain waste of the number of photons that will not contribute to image formation.
The efficiency of a device can be determined as the ratio between the real number of
photons contributing to image formation (NEQ) and the ideal number of photons
reaching the detector Nygear:

_ SNR;., NEQ

DQE = =
Q SNRfdeal Nldeal

A.5. Spatial resolution

(A10) Ability of a medical imaging system to reproduce small features in the
image slice plane and through the z-axis along the patient. Different descriptors
can be used for this image quality metric.

A.5.1. Visual spatial resolution

(A11) Subjective measure of spatial resolution in which human observers assess
phantom images containing groups of line-pair patterns (identified by the number of
line pairs per mm that they contain). The observers have to determine the number of
these groups that can be clearly resolved by inspecting the images, ideally in a
diagnostic displayed monitor and darkened diagnostic equivalent visualisation
conditions.

A.5.2. Point spread function

(A12) Spread of a high contrast small point-like object of known dimensions in
the image [impulse response function or Dirac’s delta J (x,y)], used as a measure of
the blurring introduced by the imaging system. This small object is made of different
materials depending on the imaging modality (metal bead in x-ray imaging). Profiles
are drawn at different angles centred on it (XY plane) and through it (Z-direction, in
3D imaging modalities). These profiles can be fitted to Gaussian functions and
averaged to get the in-plane and longitudinal point spread function (PSF). The
full width half maximum (FWHM) of the profile relates to the spread (o) of the
Gaussian fit as:

FWHM =2v2In2 ¢ =~ 2355 ¢
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A.5.3. Line spread function

(A13) Response of an imaging system to a line-like object which can be a phan-
tom containing a very thin slit or high contrast line-like objects, usually placed at
different orientations. Profiles are drawn at a 90° angle from the line and fitted in a
similar fashion as with PSF measurements. The line spread function (LSF) can be
considered like a group of PSF measurements taken along the same direction:

LSF(x) = /ﬁC PSF (x,y)dy

o0

A.5.4. Edge spread function

(A14) Response of the imaging system to a sharp edge, which is placed at different
slanted positions with regard to the detector. The mathematical expression of an
edge is the Heaviside function [H(x,y)] and it is related to PSF and LSF.

I, x>0;
Hfx) = = %, x=0; d(H
0, x>0 —( <), = &(x)
2’ : dx
Y SESF(x)
1 LSF(X) = T
0 G o

Fig. A.1. Representation of an edge spread function.
A.5.5. Modulation transfer function

(A15) The modulation transfer function (MTF) specifies the response of the imag-
ing system as a function of its spatial frequency response. It allows the threshold
frequency beyond which structures in the image will not be captured to be measured.
In other words, MTF represents the system capacity to transfer the modulation of the
input signal for each of the spatial frequencies present in the output image. In practice,
the MTF can be obtained based on images of a point (PSF), a line or line patterns
(LSF), and an edge [edge spread function (ESF)]. As these three quantities (PSF, LSF,
and ESF) are related, they can be calculated not only in the spatial domain but also in
the frequency domain, applying the Fourier Transform (FT) properties. For instance:

FT{LSF(x)}

MTFp = | ————
P [ LSF(x)dx
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A.5.6. Task transfer function

(A16) Task transfer function (TTF), also known as target transfer function, intro-
duced by Richard et al. (2012), is an evolution on the MTF concept that is applied
when the spatial resolution depends on the target contrast (e.g. in CT, especially with
iterative reconstruction). Whereas MTF has traditionally been measured with high
contrast objects (usually made of metal or highly attenuating materials), there are
many different tissues with a wide range of x-ray attenuations in patients. Iterative
reconstruction algorithms in CT introduce non-linear effects in the images (e.g. dose
and noise no longer have linear dependence), and thus measuring MTF for a given
contrast level and assuming that the observed trends can be extrapolated for all sorts
of materials is not valid. In practice, TTF is determined using several targets (usually
cylinders) of a varied range of materials, for which MTF is calculated based on
profiles drawn at several directions. TTF can also be extended to 3D objects, such
as spheres.

(A17) More information on the various quantities used for evaluation of image
quality can be found in Verdun et al. (2015).
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ANNEX B. MODEL OBSERVERS

B.1. Introduction

(B1) The anthropomorphic model observers include approximations to certain
aspects of the visual perception process and its frequency dependence in their imple-
mentation, expressed in mathematical form. These aspects can be related to the way the
human eye filters the frequencies present in the images, or how the detection process is
triggered in the human visual cortex, for instance. There are two main subclasses of
anthropomorphic model used in medical imaging: the non-prewhitening matched filter
with an eye filter (NPWE), and the channelised Hotelling model observer (CHO). One
example of application of model observers is the assessment of low contrast detect-
ability of simple objects, such as those present in commercial phantoms for QC.

(B2) The implementation of model observers for detection or discrimination tasks
consists of different stages for which the classes of images compared (abnormality
present, /;; abnormality absent, /;) undergo certain transformations that lead to the
calculation of decision variables and usually the comparison to a threshold to deter-
mine, for instance, if a certain object is visible or not. A template (w, which repre-
sents the strategy of the model observer to detect the objects) is applied to the two
classes of images under study, as shown in the equation:

N?
T, =w'l = Z wnln with i = 1(signalpresent),2(signalabsent)

n=1

where w' I; is an inner product between the column vectors of the template (w) and
the image (I), and N? is the number of pixels in the image. From the resulting
distribution test statistics, a detectability index () can be obtained as follows:

> <T>-<T>
d = 1 2

3 (a1 +a3)

where <-> represents the mean of the decision variables, ¢ is the standard deviation,
and sub-indexes 1 and 2 represent each image class.

B.2. Non-prewhitening matched filter with an eye filter model observer

(B3) The NPWE model observer is based on the simpler NPW with the addition
of an eye filter (E) which is a mathematical function representing the contrast sen-
sitivity function in humans (Pelli and Bex, 2013). There are several equations for the
eye filter in the literature; however, these are based on experimental studies usually
with monitors that did not have the technical specifications of those currently
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available, in terms of pixel size and luminance, so they must be used with certain
caution. In these studies, patterns such as grids of different contrasts were shown to
the observers to measure the contrast detectability threshold for a range of spatial
frequencies. Fig. B.1 shows a flowchart with a possible implementation for the
NPWE when analysing the presence of lesions in two image classes.

Images with
lesion (1,) Measure
Calculate

test
.‘ statistics
Fig * e I_ T detectability index d'
Blurred "
Template 4o 0jate Cross-correlation——— Iln 9 . AT —(T),
o IE -
| ——
Eye filter

H
n_' /0.5(012 +0?)
) I Cross-correlation—— Ilﬁ <T>
= o,
Ilr.i iﬂﬁ T

Images without
lesion (1)

(E)

Fig. B.1. Flowchart with a possible implementation of the eye filter model observer applied to
a detection task between two image classes (lesion present/lesion absent). The system blur (H)
is used to get a more accurate representation of the expected signal (template), and an eye
filter (E, a function representing the contrast sensitivity function of the human eye at a given
eye—monitor distance) is applied to the template and both classes of images. Afterwards, the
output images are cross-correlated by the template, and from the test statistic distributions,
the mean <-> and the standard deviation ¢ are calculated to be combined in a detectability
index (d"). Source: Irene Hernandez-Giron and Wouter J.H. Veldkamp, The Netherlands.

B.3. Channelised Hotelling model observer

(B4) The CHO mathematical implementation originates from perception studies car-
ried out in the 1950s and 1960s, where the responses of observers to different luminance
or grating patterns (sinusoids, saw-tooth, rectangular waves, among others) were stud-
ied. From the results, the visual interpretation in the human visual cortex was modelled
as a group of independent receptors (channels), sensitive only for a narrow spatial
frequency range window. Thus, the visual stimulus, decomposed into its frequencies,
was only detected by one of the channels if a certain threshold was hit. Based on this, the
CHO is a mathematical expression of the channels that are used to filter the images
(abnormality present and absent, for instance). There are multiple implementations of
these channels in the literature, and they have to be adapted to the characteristics of the
lesions and the background under study (Petrov et al., 2019). In Fig. B.2, some examples
of the appearance of different types of channels in the image domain are shown.

(B5) The use of model observers has extended in the past few years, and they have
even been applied to sustain low contrast detectability claims by CT vendors. There is a
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Fig. B.2. Some examples of channels (in the image domain) used with the channelised Hotelling
observer depicting the different appearances: dense difference of Gaussians (top row), Gabor (middle
row), and Laguerre-Gauss (bottom row). Source: Irene Hernandez-Giron, The Netherlands.

of Gaussians
(DDOG)

Dense difference
Gabor

Laguerre-Gauss

need for standardisation of these methods, and there are some initiatives to benchmark
the implementation of model observers for simple detection tasks in uniform phantoms
involving research groups in different countries (Ba et al., 2018). This initiative estab-
lished a simple set-up of images and a basic model observer that can be implemented by
anyone interested in these image quality metrics. They can start to get familiar with
them and tinker with the implementation, with the option of benchmarking the results
to the outputs of groups that use model observers regularly for research.

(B6) Besides the basic image metrics already mentioned that characterise technical
aspects of image acquisition and relate to the x-ray tube output, there is a more
complex level related to the individual diagnostic tasks that will be dependent on the
indication, disease, and patient variability. This would be related to applying model
observers to anthropomorphic phantoms containing lesions or even patient images,
and is an active field of research. Model observers may also be applied in connection
with the new Al-based image quality assessment methods in order to provide these
new methods with a well-established reference (ground truth) for training, valida-
tion, and testing.
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ANNEX C. RECEIVER OPERATING CHARACTERISTIC
STUDIES

(C1) Signal detection theory, the basis of receiver operating characteristic (ROC)
analysis, started in World War II to detect signals in a noisy environment in radar
communications (e.g. objects such as flocks of birds or enemy planes in the vicinity
of aircraft), applying mathematical methods. ROC analysis represents the perfor-
mance of human observers in detection or classification tasks to decide if the case
under study is ‘normal’ or ‘abnormal’ (Samei and Krupinski, 2018; Metz, 2000).
ROC studies have applications for qualitative performance comparisons between
observers or between two imaging protocols or even imaging modalities for certain
indications.

(C2) The basis of ROC studies is to decide if the case under study is ‘normal’ or
‘abnormal’ in a binary approach, which can be represented in a 2 x 2 matrix con-
taining all possible outcomes, as shown in Table C.1.

Table C.1. Receiver operating characteristic study decision matrix for the classification of
normal and abnormal cases.

Diagnosis Abnormality present Abnormality absent
Abnormal True positive False positive
Normal False negative True negative

(C3) Based on these outcomes, two quantities are calculated, the true-positive
(TP) fraction (TPF) or sensitivity and the false-positive (FP) fraction (FPF), with the
following equations:

TP

TPF = 15 T EN

= Sensitivity (1)

FP TN

FPF=——=1—-—+777"—"-=
TN + FP TN + FP

1 — Specificity 2)

(C4) The ROC curve represents TPF (Sensitivity) vs FPF (1—Specificity) for the
studied cases, and an example is given in Fig. C.1. The summation of the observer
sensitivities for all specificity values is the area under the ROC curve (AUC), and can
be interpreted as the accuracy of the observer or the imaging system to perform or
image, respectively, the assigned detection or discrimination task.
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Fig. C.1. Receiver operating characteristic curves that can be used in evaluating and com-
paring the performance of diagnostic tests in predicting clinical outcomes.
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ANNEX D. MULTI-ALTERNATIVE FORCED CHOICE
EXPERIMENTS

(D1) The classical multi-alternative forced choice (AFC) study consists of several
images displayed simultaneously containing different alternatives (e.g. one image
showing abnormality and the other images showing normal cases) ‘forcing’ the
observer to choose one of the images as ‘abnormal’. An example of a four-AFC
study is shown in Fig. D.1 for a signal known exactly and background known
exactly task. Usually, the ‘abnormality’ target size, contrast, and other character-
istics are displayed for reference. The number of correct decisions made by the
observer divided by the total number of displayed cases is the so-called ‘proportion
correct” (PC).

Fig. D.1. Example of interface for four-alternative forced choice experiments with human
observers, showing the target lesion (centre) and four images, one containing the lesion in this
case. The observer would have to select the lesion present, and the number of correct scores
would be stored. Source: Irene Hernandez-Giron, The Netherlands.

(D2) This type of study is usually applied to compare human and model observer
performance. Multi-AFC studies aim to quantify the observer’s capacity to discern
two distributions (abnormality present and abnormality absent), using detectability
(d), already mentioned in the model observer section as a parameter (Hernandez-
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Giron et al., 2015; Ba et al., 2018; Samei and Krupinski, 2018). The observer makes
a decision, applying certain criteria to determine to which image class distribution
each of the scored images belongs. Mathematically, this process can be modelled by
applying statistical decision theory, assuming that the observer assigns a certain
decision value, 4, to each image (Fig. D.2). The detectability index represents the
distance between the probability functions of the abnormality absent (which only
contains ‘noise’, anatomical or another) and the abnormality present (which contains
‘noise’ and ‘lesion or signal’). The closer the two distributions, the more difficult the
lesion is to detect, and the lower the detectability index (Verdun et al., 2015).

‘"
c
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5 distribution
3
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£ ’
2 Signal present
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:E A A
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a.
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Fig. D.2. Probability density functions of two image classes: one with a signal present [signal
+ noise (s+n); with mean /g, and standard deviation o, for the related distribution] and
one with signal absent (noise, n; with mean 4, and standard deviation ¢, for the related
distribution). The closer the distributions, the more similar the image classes and the more
difficult the lesion is to detect (lower ). Source: Irene Hernandez-Giron, The Netherlands.

(D3) A link can be made between & and ROC studies, making the assumption that
the decision variables follow Gaussian distributions (often, this assumption is made
laxly and certain properties of the imaging system’s noise and anatomical background
have to be checked). For two-AFC studies (where the observer only has to perform a
binary task, and select which of two images contains an abnormality), PC represents
AUC. In turn, AUC can be transformed into a detectability index:

d’ = 2erf '2(AUC) — 1]

where erf ! (-) is the inverse error function.

(D4) In the literature, similar equations can be found for four-AFC human
observer experiments or even with a higher number of displayed images (Ba et al.,
2018). To compare results for different human observers, either the detectability
indexes or their respective AUCs can be compared.
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ANNEX E. IMPLEMENTATION OF IMAGE QUALITY
ASSESSMENT

(E1) This annex provides a guide to systems that might be expected to be in place

for the development of optimisation in radiology facilities. These take the form of
measurements that would be performed to assess image quality, types of phantoms
and test objects that would be required, methodologies that would be used, and
systems that would be in place to facilitate the inclusion of evaluations of image
quality in the optimisation process.

E.1. Level D — preliminary

(E2) This level applies to radiology facilities that are being set up and are about to

put the processes required for optimisation in place:

Purchase of test objects and phantoms to enable measurement of image quality to
commence.

Measurement of image quality performance during commissioning of x-ray
equipment and setting baseline values against which future measurements can
be compared.

Basic assessments of clinical image quality performed by radiologists or other
radiological medical practitioners.

Preparations to put basic Level C requirements (see below) in place.

E.2. Level C — basic

(E3) Level D plus:

Radiography measurements: contrast range, low contrast resolution, high con-
trast (spatial) resolution, uniformity, artefacts, image collimation and centring,
detector exposure index — with constant exposure (mAs, kV).

Fluoroscopy measurements: basically the same as above. The minimum level
involves the use of simple fluoroscopy test objects with basic contrast range
and resolution targets (enabling simple contrast-detail analysis).

CT measurements: CT numbers of water and other reference materials (CT lin-
earity), slice sensitivity profile (slice width), spatial resolution (visual line-pair
patterns, optionally MTF), low contrast resolution, noise (determined as standard
deviation of pixel values, optionally NPS), uniformity, artefacts, geometry, and
centring — with constant exposure settings.

Diagnostic display monitor measurements: visual evaluation of the Society of
Motion Picture and Television Engineers or, preferably, more up-to-date test
pattern such as AAPM TG270-sQC (AAPM, 2019).
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e Utilisation of clinical image data in simple image quality assessment by using
contrast and noise measurements from regions of interest, enabling CNR level
image quality assessment from image data.

e Basic self-assessments of clinical image quality performed by radiologists based
on established clinical image quality criteria for most essential imaging studies.

E.3. Level B — intermediate

(E4) Level C plus:

e Additional aspects such as anthropomorphic phantoms in addition to traditional
image quality, 3D-printed phantoms as an affordable way to obtain specific/
anthropomorphic phantoms, need for tissue-structure-like objects in phantoms.
Utilisation of these targets in more objective image quality evaluation with range
of imaging protocols.

e Comprehensive display monitors and illumination measurements for diagnostic
displays: visual evaluation of test patterns; DICOM grey-scale standard display
function contrast; and luminance response and uniformity measurements with
luminance meter, optionally also all other AAPM TG270 tests.

e Implementation of automated analysis methods for selected imaging modalities
and tests to make image quality measurement more efficient and objective within
QA programme.

e Systematic programme for self-assessment of clinical image quality by radiolog-
ists supplemented by optional visual grading analysis studies for selected targets
for optimisation. Connection of image quality evaluation in self-assessment with
internal and external audits.

e Use of model observer approach in selected optimisation tasks involving image
quality assessment.

E.4. Level A — advanced

(ES) Levels C and B plus:

e Systematic and wide-scale use of automated image quality measurements and
analysis of phantom images acquired in radiological QA programme for all imag-
ing modalities, also covering display monitors for primary diagnostics and sec-
ondary use.

e Use of versatile model observers in image quality assessment, based on clinically
relevant and indication-specific task functions/templates, accounting for variabil-
ity and range of object appearance.

e Development and implementation of AI methods for image quality measure-
ments, classification, and grading for wide range of imaging modalities and clin-
ical indications, validated by retrospective and prospective data trials.
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e Connection of objective and quantitative image quality follow-up applications
with comprehensive and online quality management and patient safety monitor-
ing system, and linked to continuous organisation-wide audit process (also
accounting for the aspect of management and systematic continuous improve-
ment in organisational level).

e Comprehensive computational environment applying virtual clinical trials for
wider range of patient and disease characteristics combined with varying imaging
systems and image processing techniques (Samei et al., 2020).
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ANNEX F. KNOWLEDGE, SKILLS, AND COMPETENCIES

Table F.1. Examples of knowledge, skills, and competencies required for optimisation of
X-ray imaging procedures.

Knowledge

Skills (ability to apply
knowledge)

Competencies (attitudes/
behaviours)

Clinical aspects

Define the principle of
optimisation.
Understand advan-
tages and disadvan-
tages of different x-ray
imaging options for
clinical investigations.
Understand the image
quality needed for
different clinical ques-
tions and related
range of imaging
protocols.

Recognise the level of
image noise required
for diagnosis in the
full range of x-ray
procedures.
Understand that more
attention needs to be
paid to optimisation of
exposures for paediatric
patients due to the
higher radiological risks.
Recognise that target
noise levels in CT
examinations for
young children need
to be lower than for
adults.

Able to evaluate clini-
cal image quality.
Able to identify the
level of image quality
required for different
types of x-ray imaging
procedures.

Able to undertake
subjective evaluations
of clinical images for
the purpose of com-
paring protocols.
Able to distinguish
when the image quality
level provided by a pro-
tocol is inappropriate
(too poor or too good).
Able to compare and
contrast optimised
protocols for different
patient populations.
Able to select the
parameters that influ-
ence automated adjust-
ments to dose and
image quality levels.
Able to estimate radi-
ation doses delivered
to patients across all
ages/sizes for a range
of different imaging
procedures.

Ensure that the process
of optimisation of clinical
protocols is embedded in
the department
procedures.

Ensure results of patient
dose audit are taken into
account in protocol
review and revision.
Ensure that there is a
system to determine the
correct exposure parame-
ters are selected for every
patient.

Able to collaborate with
fellow professionals, and
acknowledge and respect
skills of individuals from
all disciplines.

Able to establish agree-
ment among clinicians
about appropriate image
noise levels required for
different procedures.

Physical aspects

Describe the influence
of exposure parame-
ters on patient dose

Able to measure x-ray
exposure variables
linked to patient dose.

e Set up a programme for

QC with appropriate
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Table F.1. (continued)

Skills (ability to apply
knowledge)

Competencies (attitudes/

Knowledge behaviours)

for a range of
modalities.

Recognise the various
measurements that
can be made to evalu-
ate image quality.
Define and under-
stand the influence of
noise on the ability to
perceive objects.
Define and under-
stand the parameters
used to measure image
quality.

Able to perform
physical measure-
ments to make objec-
tive assessments of
image quality.

Able to perform
measurements to
assess patient dose for
a range of x-ray
equipment.

Able to carry out
audits of patient doses
and compare results
with DRLs.

frequencies for testing a
range of equipment.
Establish a system for
setting DRLs at institu-
tion level.

Analyse results of patient
dose audit and identify
where corrective action is
required.

Identify changes needed
to exposure settings to
optimise protocols when
dose or image quality
levels are inappropriate

Define and under- e Able to select expo- based on QC

stand dose quantities sure variables that measurements.

used to describe affect the automated Able to establish
patient exposure for adjustments to dose research/development

different imaging
modalities.

Identify which expo-
sure parameters to
change when adjust-
ments in patient dose
or image quality are
required.

Describe how systems
for carrying out auto-
matic adjustments to
exposure parameters
function.

Define and under-
stand advantages and
disadvantages of dif-
ferent x-ray imaging
options.

and image quality.
Able to communicate
advantages of differ-
ent imaging options to
clinical colleagues.
Estimate radiation
doses to be delivered
to patients for a range
of different imaging
procedures.

projects to improve opti-
misation practices.
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AAPM
AEC
AFC

Al
ALARA
AUC
CDS
CHO
CLUES
CME
CNR
CPD
CT
CTDI
CTDI,,
DICOM
DIMITRA
DLP
DQE
DRL
EPC
ESAK
ESF
FGI
FN
FOV
FP
FWHM
HIS
IAEA
ICT
IEC
IPEM
I1SO

IT

KAP
KSC
LNT
LSF
MHRA
MPV

ABBREVIATIONS

American Association of Physicists in Medicine
Automatic exposure control

Alternative forced choice

Artificial intelligence

As low as reasonably achievable

Area under curve

Clinical decision support

Channelised Hotelling model observer

Clinical image quality assessment project
Continuing medical education
Contrast-to-noise ratio

Continuing professional development
Computed tomography

Computed tomography dose index

Volume averaged CTDI

Digital Imaging and Communications in Medicine
Dentomacxillofacial paediatric low-dose imaging project
Dose length product

Detective quantum efficiency

Diagnostic reference level

European Parliament and Council

Entrance surface air kerma (also K, ;)

Edge spread function

Fluoroscopically guided intervention

False negative

Field of view

False positive

Full width half maximum

Hospital information system

International Atomic Energy Agency
Information and communications technology
International Electrotechnical Commission
Institute of Physics and Engineering in Medicine
International Standards Organisation
Information technology

Kerma-area product (also Pyxa)

Knowledge, skills, and competencies

Linear non-threshold (dose-effect model)

Line spread function

Medicines and Healthcare Products Regulatory Agency
Mean pixel value
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MTF
NCRP
NEQ
NPS
NPW
NPWE
PA
PACS
PC
PDCA
PPM
PSF

QA

QMS
RDSR
RIS
ROC
ROI
SNR
TN

TP
TTF
VGC
WHO
2D, 3D
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Modulation transfer function

National Council on Radiation Protection and Measurement
Noise equivalent quanta

Noise power spectrum

Non-prewhitening (model observer)
Non-prewhitening with eye filter (model observer)
Postero-anterior (projection)

Picture archiving and communication system
Proportion correct

Plan—do—check—act

Planned preventative maintenance

Point spread function

Quality assurance

Quality control

Quality management system

Radiation dose structured report

Radiology information system

Receiver operating characteristics

Region of interest

Signal-to-noise ratio

True negative

True positive

Task transfer function

Visual grading characteristics

World Health Organization

Two- or three-dimensional
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GLOSSARY

Only terms not yet included in the ICRP Glossary are included here. The ICRP
Glossary can be viewed at: http://icrpaedia.org/ICRP_Glossary.

Contrast-to-noise ratio, CNR

CNR is the contrast divided by the noise. Contrast means the difference
between pixel values of any two regions in the image. Noise means the grain-
iness of the image which is typically described by a single value representing the
standard deviation of pixel values within a (homogeneous) region in the image.
Note: this quantity needs to be introduced because attention to the contrast
alone has often resulted in images of higher quality than needed for confident
diagnosis. Noise is also a measure of image quality. Images having higher noise
levels do not necessarily undermine diagnostic accuracy; rather, CNR may be
similar or improved.

Digital Imaging and Communications in Medicine, DICOM

Digital imaging standard describing a set of protocols describing how radiol-
ogy images are identified in a structured way, formatted, and communicated.
DICOM is manufacturer-independent and was developed by the American
College of Radiology and the National Electronic Manufacturers
Association. Provision of an agreed structured format facilitates the exchange
of files between devices that have the capability of accepting image and patient
data in DICOM format. DICOM 3.0 is the current version. http://medical.
nema.org/

Iterative reconstruction

CT image reconstruction technique which typically applies repeated iterative
loops of forward projection (producing simulated projection raw data) and
back-projection (creating image from projections). Thus, the image reconstruc-
tion happens by several iteration cycles where the iterated image gradually
approaches the final image result converging either by CT image pixel values
or by the difference between the simulated and true (measured) raw data
projections. Iterative methods may apply different levels of physical modelling
of the CT scan where increased modelling may enable higher image quality
while also adding to the computational complexity and calculation time.
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Noise

Noise means the graininess of the image which is typically described by a single
value representing the standard deviation of pixel values within a (homoge-
neous) region in the image. Noise can also be described by the noise power
spectrum (NPS) which describes the spatial frequency distribution of the noise.
This can also be described as the grain size distribution of the image noise, or
noise texture. Therefore, NPS is a more comprehensive description of noise
compared with single value noise determined from pixel standard deviation.

Patient

A patient is an individual who is a recipient of services of healthcare profes-
sionals and/or their agents that are directed at: (i) promotion of health; (ii)
prevention of illness and injury; (iii) monitoring of health; (iv) maintaining
health; and (v) medical treatment of diseases, disorders, and injuries in order
to achieve a cure or, failing that, optimum comfort and function. This includes
some asymptomatic individuals and volunteers subject to exposure as part of a
programme of biomedical research. Note: similar principles with regard to
optimisation will also apply to planned non-medical imaging exposures carried
out for occupational, legal, or health insurance purposes of any kind (e.g. those
required in connection with legal proceedings or those required prior to emi-
gration, although the persons involved are not included within the definition of
a patient).

Patient radiation exposure monitoring

Components, mechanisms, and operational processes related to recording,
collecting, and analysing patient radiation exposure data associated with clin-
ical imaging operation. Here, monitoring refers to capturing and meaningfully
evaluating patient radiation exposure data and not the actions for quality
improvement, an ultimate goal undertaken by managing patient radiation
exposure data.

Radiological medical practitioner

A health professional with specialist education and training in the medical uses
of radiation, who is competent to perform independently or to oversee radio-
logical procedures in a given specialty. This includes cardiologists, orthopaedic
surgeons, and other clinicians who have undertaken appropriate training for
this role. Competence of the person is normally assessed by the State through a
formal mechanism for registration, accreditation, or certification of radiolog-
ical medical practitioners in the given specialty.
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Radiation dose structured report

Part of the DICOM standard defining the set of DICOM objects providing the
radiation dose-related parameters by hierarchical description of the irradiation
event (e.g. within entire CT examination or pulsed fluoroscopy image series).

Radiographer

A health professional with specialist education and training in medical radia-
tion technology, competent to perform radiological procedures, on delegation
from the radiological medical practitioner, in one or more of the specialties of
medical radiation technology (IAEA). Other terms used in different parts of
the world include medical radiation technologist and radiation technologist. A
description of the tasks performed by radiographers is given in ICRPaedia.

Radiology information system

A system that supports the information processing and business requirements
of radiology departments and freestanding image centres.

Signal-to-noise ratio, SNR

SNR (or S/N) is a measure that compares the level of a desired signal to the
level of background noise. Closely related to CNR but instead of contrast, as
in CNR, signal is involved in SNR.

Spatial frequency

Any signal can be composed of a series of harmonic (sine and cosine) waves.
An image can be interpreted as a composition of an infinite number of periodic
sine and cosine waves. A short wavelength (equivalent to high spatial frequen-
cy) corresponds with small detail, whereas a long wavelength (equivalent to
low spatial frequency) corresponds with large objects in the image. The rela-
tionship between spatial frequency and detail size is inversely proportional. To
avoid confusion with term time frequency, spatial frequency is used. A
common unit is line pairs per millimetre.

141






ACKNOWLEDGEMENTS

Although ICRP has produced publications on the general principles of optimisation
and their application in medicine, and on its application in different medical imaging
modalities, these publications have not considered practical arrangements for imple-
mentation in medicine in detail. The range in the types of medical facility using
digital radiology equipment is vast, with tremendous variation in the levels of imag-
ing expertise within these organisations. This publication sets out guidance on dif-
ferent aspects of the optimisation process that should be considered, and the
organisational arrangements needed to ensure that optimisation takes place at all
levels. As image quality is of crucial importance in obtaining the clinical information
from images, a section has been included on methods for evaluation of image quality
that should be considered in parallel with dose assessments. The Commission estab-
lished Task Group 108 on optimisation of digital radiography, fluoroscopy, and
computed tomography in medical imaging in 2018, led by members of ICRP
Committee 3. It was apparent that attempting to set out general guidance on opti-
misation methods, as well as application to different modalities, was too much to
include in a single publication. As such, this publication is the first part dealing with
the general principles of optimisation, and a second publication dealing with prac-
tical application to individual radiology imaging modalities will follow.

ICRP thanks all those involved in the development of this publication for their hard
work and dedication, and members of Committee 3 and Eliseo Vané and Claire
Cousins, emeritus members of the Main Commission, for helpful review, discussion,
and debate about the content of the publication.

Task Group 108 members (2018-2024)

C.J. Martin (Chair) D. Husseiny D. Pekarovic
K. Applegate M. Kortesniemi M. Perez

J. Damilakis H. Khoury D.G. Sutton
1. Hernandez-Giron K.H. Ng J. Vassileva

Task Group 108 technical secretary
C. Zervides

Committee 3 critical reviewers
M-C. Cantone J.M. Marti-Climent

143



ICRP Publication 154

Main Commission critical reviewers
K.W. Cho M. Kai

Editorial members

C.H. Clement (Scientific Secretary, CEO, and Annals of the ICRP Editor-in-Chief)
T. Yasumune (Assistant Scientific Secretary and Annals of the ICRP Associate
Editor) (2022-2024)

H. Yu (Assistant Scientific Secretary and Annals of the ICRP Associate Editor)

K. Nakamura (Assistant Scientific Secretary and Annals of the ICRP Associate
Editor) (2024-)

Committee 3 members during preparation of this publication

(2017-2021)

K. Applegate (Chair) M.C. Cantone J.M. Marti-Climent
C.J. Martin (Vice-Chair) S. Demeter Y. Niu

M. Rehani (Secretary) M. Hosono W. Small

J.S. Alsuwaidi K. Kang D.G. Sutton

M. Bourguignon R. Loose L. Van Bladel
(2021-2025)

K. Applegate (Chair) A. Isambert W. Small

C.J. Martin (Vice-Chair) M. Kortesniemi A. Sovik

D.G. Sutton (Secretary) M. Mahesh I. Thierry-Chef
M.C. Cantone J.M. Marti-Climent 1. Williams

J. Damilakis J.C. Paeng W. Zhuo

M. Hosono C.E. Ruebe

Committee 3 emeritus members

S. Mattsson M.M. Rehani M. Rosenstein

144



Optimisation of radiological protection in digital radiology techniques for medical imaging

Main Commission members at the time of approval of this publication

Chair: W. Rihm, Germany
Vice-Chair: D.A. Cool, US4
Scientific Secretary and CEO: C.H. Clement, Canada; sci.sec@icrp.org”

K.E. Applegate, US4 S. Liu, China Emeritus members

F. Bochud, Switzerland S. Romanov, Russia R.H. Clarke, UK

S. Bouffler, UK T. Schneider, France F.A. Mettler Jr, USA
K.W. Cho, Korea A. Wojcik, Sweden R.J. Pentreath, UK
G. Hirth, Australia R.J. Preston, USA
M. Kai, Japan C. Streffer, Germany
D. Laurier, France E. Vané, Spain

“Although formally not a Main Commission member since 1988, the Scientific
Secretary is an integral part of the Main Commission.

Finally, thank you very much to all organisations and individuals who took the time
to provide comments on the draft of this publication during the consultation
process.

145


mailto:sci.sec@icrp.org

	table-fn1-01466453231210646
	table-fn2-01466453231210646
	table-fn3-01466453231210646
	table-fn4-01466453231210646
	table-fn5-01466453231210646
	table-fn5.1-01466453231210646
	table-fn6-01466453231210646
	table-fn7-01466453231210646



