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Traceability in medical X-ray imaging dosimetry

Overview

X-ray imaging is an important technique used in medicine; however, its use forms the largest component of
exposure to artificial ionising radiation. Consistent quantification of a patient’s radiation exposure using
calibrated dosimetry equipment is essential to comply with the Council Directive and ensure patient safety.
Currently, the procedures used by calibration laboratories based on relevant standards and international
protocols do not fully consider recent technical developments in X-ray imaging. This project will perform a
critical assessment of the conditions applied to the calibrations and study the performance of different
dosimeters. Updated measurement and calibration procedures will be proposed for inclusion in standards and
protocols.

Need

The medical use of radiation is well justified, but due to potential detriment to patients, radiation doses must
be optimised with regard to image quality as required in the Council Directive (2013/59/Euratom). To achieve
consistent, comparable, and traceable measurement results, the dosimeters must be calibrated, measurement
methods must be harmonised, and uncertainties must be estimated. According to IAEA TRS-457, a
measurement uncertainty of 7 % with 95 % confidence level is considered appropriate for X-ray imaging
dosimetry.

X-ray systems provide the option of adjusting their energy spectra so that image quality and patient dose can
be optimised. Reference radiation qualities are used for calibrations (IEC 61267); however, currently, these
qualities do not cover the entire clinical range and thus, the traceability chain cannot be fully achieved.

The performance of dosimeters plays an essential role in achieving the accuracy required in X-ray imaging
practices. The requirements are defined based on the limits of variation for the effects of influence quantities
in IEC 61674. Currently, it does not allow a clear distinction between reference and field-class dosimeters, nor
does it sufficiently consider the characteristics of the dosimeters that exist on the market today.

Semiconductor-based X-ray multimeters (XMMs) have become the most common dosimeters in use at
hospitals. The response of a semiconductor detector has a pronounced energy dependence, but
manufacturers have created algorithmic corrections to overcome this challenge. However, in this case, it can
be challenging to confirm the uncertainties and traceability of the measurements. In addition to the radiation
dose, these multimeters offer the possibility of measuring further quality control parameters. However, there
are no agreed performance requirements or calibration guidelines for these measurements.

In addition, there are no agreed or validated calibration or measurement procedures for these dosimeters.
Thus, there is a need to establish basic metrological support for the new technology already being adopted in
clinics.

Objectives

The overall objective of the project is to harmonise and standardise calibration and measurement procedures
to ensure traceability and accurate dosimetry in medical X-ray imaging within the target uncertainty of 7 %
(k=2).
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1. To review a representative range of X-ray radiation fields relevant in medical imaging and, based on
the outcome, to propose an update of reference radiation qualities. This provides input to the future
revisions of IEC 61267 and IAEA TRS-457.

2. To investigate the performance of at least 8 different commercially available X-ray dosimeter types in
at least 3 NMIs/Dls and 3 clinics using calibration and clinical exposure conditions. Based on the
results, updated requirements for reference- and field-class dosimeters will be proposed to enable
measurements with a targeted uncertainty of 7 % (k=2). This provides input to the future revisions of
IEC 61674 and IAEA TRS-457.

3. To define a harmonised calibration procedure for X-ray multimeters (XMMs), i.e. specific dosimeters
which are clinically widely used to measure a wide range of relevant quantities and parameters
considered in quality assurance of X-ray systems, covering not only air kerma, but also taking into
account X-ray tube voltage, tube current-time product (mAs), half-value layer (HVL), etc., and thus, to
enable an unbroken traceability chain for measurements of relevant clinical parameters. This provides
input to the future revisions of IEC 61676 and IAEA TRS-457.

4. To validate established and updated calibration procedures and related uncertainties identified in
objective 3 for radiation fields as identified in objective 1, applied to different classes of dosimeters as
identified in objective 2 by an international comparison.

5. To collaborate with the technical committee IEC TC62 SC62C WG3, IAEA, and the users of the
standards they develop to ensure that the outputs of the project are aligned with their needs, including
the provision of a report on updated reference X-ray qualities and a calibration procedure for X-ray
dosimeters and recommendations for incorporation of this information into future standards at the
earliest opportunity.

Progress beyond the state of the art and results
Updated reference radiation qualities (objective 1)

A market analysis of the clinically available devices for medical X-ray imaging was carried out. The result is a
table that links the available clinical devices with the corresponding radiation qualities for all modalities under
investigation. This table was analysed to find a representative set of reference radiation qualities. In addition,
a survey of the commonly used radiation qualities was conducted. The results were analysed to derive the
limits of filtrations and generator voltages used in clinical practice. These results were summarised in a
presentation at the M9 meeting. This information was used to identify the most used radiation qualities in the
table that resulted from the market analysis.

The collected information was used to derive relevant ranges of radiation conditions (anode angles, anode
material, additional filtration) and the related derived radiation beam characteristics (HVL and others) were
calculated with the help of deterministic radiation transport algorithms. The results were concluded in an
internal report. In the report, new reference radiation conditions were defined for X-ray beams filtered by copper
as well as for mammography.

A protocol for clinical spectrometry was developed during several technical meetings. The protocol has been
finalised and is available for all participants for spectrometry at clinical devices for medical X-ray imaging. First
spectra were measured by multiple participants at several clinical systems (conventional projection imaging
system, fluoroscopic C-arm, dental, mammography). Spectrometry measurements were also started under
laboratory conditions for current IEC radiation qualities and for the newly recommended reference radiation
qualities.

Requirements for dosimetry equipment (objective 2)

During the first reporting period an analysis of commercially available dosimeters and their performance
characteristics was carried out. Current performance criteria and potential for classification of dosimetry
equipment was retrieved from literature and existing standards, IEC61674, IEC60731, ISO/IEC63465, TRS398
and TRS457.

The minimum rated ranges of influence quantities defined in IEC 61674:2012 were compared with the
conditions covered in the clinical practice. Based on this information, influence quantities that require extension
and dosimeter properties which could be used for the classification of reference or field-class dosimeter were
selected.
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From the medical physics survey carried out in the clinical centres, more than 8 dosimeters were extracted as
candidates for reference and field-type. In this regard, benefiting from this systematic study and the exchange
of metrological expertise between the participants, a test protocol was developed for the measurement of
reference and field dosimeters to assess the dosimeter performance and effect of the influence quantifies.
Convergence on a shared protocol for both ionisation chambers and XMMs was achieved, and the consortium
carried out a fruitful experimental campaign, including 13 calibration laboratories and with measurements taken
from over 40 dosimeters.

The newly defined reference-class dosimeter could be used at clinics to provide traceability. Based on this, a
recommendation will be provided to IEC 61674 and to IAEA TRS-457 for including the classification of
dosimeters based on their performance.

Calibration and measurement procedures for X-ray multimeters (objective 3)

The clinical relevance of quantities measured using XMMs has been assessed based on the data collected
from the literature and surveys. Calibration procedures were collected from the XMM manufacturers and
discussed in the consortium. The collected data and procedures were used to update the calibration
procedures for air kerma, tube voltage and half-value layer (HVL) and to perform analysis of the measurement
uncertainty. The tube voltage calibration procedure was written considering different possibilities to establish
traceability: using a voltage divider, spectrometer and XMM. All three procedures were written specifically to
be applicable for XMM calibration. Significant work was also performed towards harmonisation and
standardisation of other parameters measurable by XMMs.

In addition, clinical measurement procedures were collected from the literature, and updated procedures were
devised. The procedures were presented at a workshop that was organised in Helsinki University Hospital with
70 participants, and valuable feedback was received from clinical medical physicists. The updated procedures
are currently being used to collect calibration, measurement, and testing data on XMMs in both laboratory and
clinical settings, to evaluate current state of the art of the clinical measurements. The obtained data will be
used to recommend updates for IEC standards and IAEA TRS-457 for air kerma and practical peak voltage
measurement devices, and to propose inclusion of additional quantities measured by the XMMs in IEC
standards.

Validated calibration services (objective 4)

Two EURAMET supplementary comparisons (EUR-1677 and EUR-1678) and a pilot study (EUR-1676) are
taking place. Their purposes are to validate, compare and establish calibration capabilities of 11 participating
secondary and primary standards dosimetry labs for the newly developed radiation qualities, which can also
be used for the organisation of future comparisons. The applied methods are based on existing and new
radiation qualities and calibration procedures, developed within the project. These studies involve 9 radiation
qualities (RQs), of which 3 are newly defined RQs, 4 XMMs and 2 ionisation chambers. The quantities of
interest are air kerma and tube voltage. Additional information on other quantities, such as HVL, will also be
collected.

With the obtained data the response of the instruments can be studied in these new, well-defined but slightly
variable conditions at different calibration laboratories. This will result in realistic data on actual variation of
calibration coefficients provided to customers. During the second reporting period, the comparison protocol
was realised, approved and implemented as two EURAMET supplementary comparisons and one pilot study.
The comparisons were registered in the BIPM key comparison database (KCDB). On the 15t of November
2024, the comparison officially started. The comparison exercises will take place in two rounds, each starting
and ending at the coordinating pilot laboratory (VSL).

Outcomes and impact
Key dissemination and communication activities

The project has involved different stakeholder groups to ensure coverage of their specific needs and efficient
implementation and dissemination of results. A stakeholder committee with 24 members was formed including
members representing different stakeholder groups. A successful CCRI webinar was organised in
collaboration with the main stakeholders to explain the current challenges related to X-ray imaging dosimetry.
The goals of the project have been presented to several metrology organisations and the Heads of the
European Radiological Protection Competent Authorities. The project has been introduced to technical
committees of standardisation bodies (IEC, SESKO, NEN). Several technical visits have been organised
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among participating laboratories to discuss practical aspects of X-ray spectrometry, to measure X-ray spectra
in clinics and calibration labs, and to provide training on clinical calibration and measurement protocols. In the
second reporting period, two articles were published and several presentations in national and international
events were given. Two posters and a presentation were presented at the RAP 2024 - International
Conference on Radiation Applications in Physics, Chemistry, Biology, Medical Sciences, Engineering and
Environmental Sciences. One presentation was provided in CIRMS - Council on lonizing Radiation
Measurements and Standards "Advancing Radiation Measurements and Standards for Disruptive
Technologies". Three presentations and a poster were presented at the ECMP - 5th European Congress of
Medical Physics. An article was published in the IAEA SSDL Newsletter no. 79. The first e-newsletter was
published at M10 and is accessible at the project website. After the M18 meeting in Finland a workshop on X-
ray imaging dosimetry was organised. The workshop was hosted by one of the participants - Helsinki University
Hospital (HUS) and brought together 70 professionals in medical physics and metrology from 16 countries.
The event was endorsed by EFOMP (European Federation of Organisations for Medical Physics) and
organised in collaboration with NACP-RPC (Nordic Association for Clinical Physics Radiological Physics
Committee).

Outcomes for industrial and other user communities

The updated reference radiation qualities and calibration procedures developed in the project enable
calibration laboratories to improve their calibration services. These improved calibration services will support
medical physicists and technical services performing dosimetry measurements by providing more useful
calibration data for the end-user. The knowledge of dosimeter response over the clinically relevant range of
radiation qualities and defined limits of variation will provide confidence for clinical measurements in varying
conditions. This will also allow better understanding of the uncertainties involved. The guidance on
measurement procedures recommended in the project will help performing consistent and comparable
measurements. All these results together will enable the end-user to improve the accuracy of clinical X-ray
dosimetry. The needs have been communicated with the experts of the BIPM, IEC, SESKO, IAEA HERCA,
NEN, COOMET to enable good future implementation in the standards and codes of practice.

The data on dosimeter performance and harmonised and standardised procedures developed in the project
will be referred by European and national regulators (such as STUK). This will enable regulators to have
greater confidence in the calibration of dosimetry equipment and measurements for the implementation of
legal requirements. A member of HERCA (Heads of the European radiological protection competent
authorities) joined the stakeholder committee to enable direct communication with the regulators.

The developed and improved calibration procedures will enable XMMs manufacturers to test their devices and
provide comparable specifications in their manuals. This will improve the position of their products on the
international market and integrate their products as a part of the dosimetry chain in an accurate and cost-
efficient way. Most of the XMM manufactures as well as a manufacturer of devices for X-ray imaging joined
the stakeholder committee and the consortium has worked in close collaboration with them to enable good
decisions to support the implementation of the proposed methods and standards. In addition, the European
Trade Association representing the medical imaging, radiotherapy, health ICT and electromedical industries
(COCIR) was contacted to initiate contact with all X-ray system manufacturers.

Different stakeholder groups, such as X-ray system manufacturers as well as medical physicists and
technicians performing quality control measurements, are interested in the quality control related parameters
of X-ray systems which can now be measured with the XMMs non-invasively. The developed calibration
procedures for XMMs will enable these end-users to achieve traceable results for those quality control related
parameters which do not currently have available standardised calibration services. The measurement
reliability of these parameters will be improved when harmonised calibration procedures are established. A
survey was run to collect the needs of end-users and these data were used to define the target uncertainties
and needs for the new calibration services. The project results have already been communicated extensively
with the different stakeholder groups. As an outcome, the dosimeter manufactures are committed to work in
collaboration with the project participants to harmonise the calibration procedures. In addition, the end-users
have improved knowledge on the related uncertainties, and they have better possibilities to estimate the
uncertainties of their measurements.

Outcomes for the metrology and scientific communities

The project will publish recommended new reference radiation qualities (RRQs), a spectrum catalogue for
RRQs and reference radiation qualities currently described in IEC 61267. These new reference radiation
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qualities can be established by other calibration laboratories to better cover the clinical needs. The need for
this change has already been communicated with the metrology communities (EURAMET, COOMET, IAEA,
BIPM, CCRI(I)). In addition, the spectrum catalogue can be used to compare spectra in different laboratories
and estimate radiation quality related uncertainties. All the calibration laboratory participants have already
updated their selection of radiation qualities to cover at least the copper filtered beams used for the
comparison.

Based on the discussion with calibration laboratories and the IAEA there is a need for reference class
dosimeters. The definition of reference-class dosimeters for X-ray imaging will help dosimetry laboratories to
categorise different levels of dosimeters and support their selection of appropriate metrological standards. In
addition, this will support those who intend to perform measurements with improved accuracy. The study of
the response of semiconductor-based detectors considers the growing use of such instruments in clinical
routine by providing improved procedures to ensure the traceability of such measurements. Ideally, the number
of calibration points can be decreased which will reduce the workload of calibration laboratories and simplify
the clinical measurement procedures.

In addition to updated calibration procedures for the radiation dose measured in terms of air kerma, the results
open new opportunities for dosimetry laboratories to offer calibration services for other quantities and
parameters measured by XMMs. Traceable calibration of this equipment will provide additional confidence for
quality control of clinical X-ray systems. Most of the calibration laboratory participants have established new
calibration capabilities for other quantities measured by XMMs and few calibrations with the new procedures
have already been provided. These methods will be further validated in the ongoing comparison.

The project is currently carrying out 3 international comparisons to validate the new proposed radiation
qualities and the procedures to measure other parameters provided by the current dosimeters, the results of
which will be published in KCDB. This will allow the participating NMIs or Dls to amend their calibration and
measurement capabilities (CMCs) and NMls from all over the world to set up similar comparisons.

The European Metrology Network for Radiation Protection will also provide valuable support for the dialogue
between different stakeholders.

Outcomes for relevant standards

The research results provide relevant data for the updates of existing IEC standards such as IEC 61267, IEC
61674, IEC 61676, IEC 62220-1 and International Code of Practice IAEA TRS-457 and their future extensions
and the consortium has been in close collaboration with the IEC and IAEA to keep them informed about the
results of the project. Close cooperation with those standardisation organisations is emphasised to achieve
international impact. The standards are used by different stakeholders especially by the companies.

The experimental and theoretical investigation on the characteristics of radiation qualities allowed the
assessment of relevant radiation qualities that represent clinical conditions. As a result, reference radiation
qualities that should be included in the IEC 61267, in the IAEA TRS-457 and used for calibrations, were
identified. Some results have already been shared with the group currently updating the IEC 61267 standard.
As an outcome some small modifications were considered in the updated version. However, it was agreed in
that a comprehensive update of the standard will take place only when all the project results are finalised and
reported to the IEC.

The IEC 61674 and IAEA TRS-457 defines the performance requirements for dosimeters and there are several
IEC standards which define requirements for X-ray imaging devices (e.g., IEC 62220-1). They refer to the
radiation qualities of IEC 61267 to specify limits of variation for dosimeters and X-ray imaging devices. The
assessment of current requirements for dosimeters, existing performance data and the needs in clinical
practice has been conducted. As a result, all information will be compiled to provide a recommendation towards
an update of IEC 61674.

Furthermore, after the evaluation of existing calibration and clinical measurement procedures for XMMs for air
kerma and other measurement quantities and parameters (practical peak voltage, tube voltage, half-value
layer etc.), updated procedures are being prepared and tested on a sample of XMMs. A method for traceable
chain of calibration in terms of practical peak voltage and tube voltage is investigated and will be proposed to
IEC 61676 and IAEA TRS-457. In addition, new standards or update of existing standards are proposed to
cover the other measurement quantities and parameters which are currently not covered by any standards.
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Longer-term economic, social and environmental impacts

The calibration procedures developed in the project will provide European countries with a well-consolidated
methodology for accurate calibration and verification of X-ray imaging dosimeters. Considering the specific
focus on XMM technology and large number of XMMs in clinical use, this will have a significant scientific impact
in medical X-ray dosimetry. The European metrology community will profit from this project, by acquiring
improved knowledge in the field of X-ray dosimeter calibration, by increasing its influence when responding to
an expanding demand related to the appropriate measurement of patient exposure and strengthened
collaboration with industry.

The research will have a direct impact on the accuracy, consistency, and comparability of clinical X-ray
dosimetry measurements. The proposed procedures will provide the best outcome at all levels to enable a
traceability chain and harmonised calibration procedures for dosimeters worldwide. The improved procedures
will increase the European influence on the global market. Finally, this will provide a benefit to a large number
of patients through a reliable quality assurance of X-ray imaging.
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