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FOREWORD

One of the key roles of the IAEA is to improve the traceability, accuracy,
and consistency of clinical radiation dosimetry measurements in Member
States. With reference to harmonization of dosimetry in external radiotherapy
beams, the IAEA has disseminated a number of international codes of practice,
which are published in the IAEA’s Technical Report Series (TRS), providing
detailed descriptions of the instruments and steps to be taken for absorbed dose
determination in water.

Technical Reports Series No. 277 (second edition), Absorbed Dose
Determination in Photon and Electron Beams and Technical Reports Series
No. 381, The Use of Plane Parallel Ionization Chambers in High Energy Electron
and Photon Beams, both published in 1997, were based on air kerma calibration
standards. Technical Reports Series No. 398, Absorbed Dose Determination in
External Beam Radiotherapy, which was published in 2000, was based on the
application of standards of absorbed dose to water. More recently, Technical
Reports Series No. 483, Dosimetry of Small Static Fields Used in External Beam
Radiotherapy, was published to provide information on the dosimetry of small
static photon fields used in newer techniques and technologies.

The brachytherapy process also requires consistent reference dosimetry that
is traceable to metrological primary standards. IAEA-TECDOC-1274, Calibration
of Photon and Beta Ray Sources Used in Brachytherapy has been a key resource
for brachytherapy dosimetry since 2002. However, several new developments
have taken place, in terms of available dosimetry standards, detectors, radioactive
sources, and brachytherapy technologies. Following recommendations from the
17th Scientific Committee of the IAEA/WHO Network of Secondary Standards
Dosimetry Laboratories (2016), it was decided to prepare an international code of
practice for brachytherapy dosimetry.

This code of practice is addressed to both secondary standards dosimetry
laboratories and hospitals and is based on the use of well-type re-entrant
ionization chambers. It applies to all brachytherapy sources with intensities
measurable by such detectors. The dosimetry formalism; common procedures for
reference dosimetry and for calibration; reference-class instrument assessment;
and commissioning of the well-type chamber system are described. Guidance and
recommendations provided here in relation to identified good practices represent
expert opinion but are not made on the basis of a consensus of all Member States.

Miniature systems that use low-energy X ray sources, usually referred to as
electronic brachytherapy, are discussed in this publication. However, work is still
needed at the metrological level to provide a standardized and well established
approach for their dosimetry. Therefore, even if much of the content of this
publication might be relevant, electronic brachytherapy sources are not included



in the main section of this publication. Beta emitting ophthalmic eye plaques and
applicators are also excluded from the main section. Detectors different from
well-type chambers are used for their calibration. Other suitable detectors that
could be used are also discussed in this publication.

The TAEA wishes to express its gratitude to all those who contributed to the
drafting and review of this publication, in particular T. Bokulic (Croatia), L. A.
DeWerd, (United States of America), M. McEwen (Canada), M. J. Rivard (United
States of America), T. Sander (United Kingdom), T. Schneider (Germany) and P.
Toroi (Finland). The IAEA also wishes to acknowledge the following people for
their valuable comments and suggestions: J. T. Alvarez-Romero (Mexico), Sudhir
Kumar (India), and E. Mainegra-Hing (Canada). The IAEA officer responsible
for this publication was M. Carrara of the Division of Human Health.

EDITORIAL NOTE

Although great care has been taken to maintain the accuracy of information contained
in this publication, neither the IAEA nor its Member States assume any responsibility for
consequences which may arise from its use.

This publication does not address questions of responsibility, legal or otherwise, for acts
or omissions on the part of any person.

Guidance and recommendations provided here in relation to identified good practices
represent expert opinion but are not made on the basis of a consensus of all Member States.

The use of particular designations of countries or territories does not imply any
judgement by the publisher, the IAEA, as to the legal status of such countries or territories, of
their authorities and institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (whether or not indicated as
registered) does not imply any intention to infringe proprietary rights, nor should it be construed
as an endorsement or recommendation on the part of the IAEA.

The IAEA has no responsibility for the persistence or accuracy of URLs for external or
third party Internet web sites referred to in this book and does not guarantee that any content
on such web sites is, or will remain, accurate or appropriate.
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1. INTRODUCTION

1.1. BACKGROUND

Brachytherapy is a specific modality of radiation therapy in which small
encapsulated radiation sources are inserted into or near the volume to be
treated [1]. Historically, the term brachytherapy referred to the use of radioactive
sources. They were in fact the only sources of radiation that could be achieved
in small dimensions available at the time of brachytherapy inception, which
was at the beginning of the twentieth century. More recently, miniature systems
that use electronically created low energy X rays instead of radionuclides
were designed [2]. At the time of writing, a few of such devices are capable
of performing intracavitary or intraoperative brachytherapy treatments [3] but
radionuclides remain the primary sources used.

The clinical efficacy of brachytherapy is attributable to its capability
of delivering a high radiation dose to the treated volume, while limiting the
absorbed dose to surrounding tissues. Brachytherapy has shown its effectiveness,
especially for the treatment of specific disease sites in the body. For example,
there is a high incidence of advanced cervical cancer [4] which is best treated
with a combination of external beam radiotherapy (EBRT) and brachytherapy
[5, 6]. Apart from cancers of the cervix uteri, major indications for brachytherapy
are endometrial, breast and prostate cancer [7]. For prostate cancer treatment,
for instance, high risk groups of patients treated with EBRT and boosted with
brachytherapy showed significantly better outcomes than those treated with
EBRT alone or undergoing radical prostatectomy [8]. Further, small tumours that
are accessible for implantation can in many cases be treated with brachytherapy
as monotherapy [7].

Brachytherapy is an essential modality in low and middle income
countries with a high incidence of cervical or oesophageal cancer. It is also
broadly disseminated in high income countries. According to the Directory of
Radiotherapy Centres (DIRAC) maintained by the International Atomic Energy
Agency [9], currently 3345 brachytherapy facilities are available worldwide,
with 65% of these being in high income countries and 35% in low and middle
income countries. Most brachytherapy procedures are now performed using
high dose rate (HDR) remote afterloaders. Remote afterloading low dose rate
(LDR) equipment has been discontinued by the manufacturers, leaving HDR or
pulsed dose rate (PDR) brachytherapy as the major alternative technologies and
restricting LDR applications to manual procedures using low energy sources.

Since HDR brachytherapy techniques deliver very high dose rates to
the point of prescription (i.e. they can reach a few hundreds of Gy h™' at 1 cm



distance from the source) [10], mistakes can lead to a wrong dose delivery with
the potential for adverse effects [11]. According to the International Commission
on Radiological Protection (ICRP) [12], “more than 500 HDR accidents
(including one death) have been reported along the entire chain of procedures”.
The involved dose rates with LDR sources are significantly lower than with
HDR, but applications with such types of sources may also be the subject of
misadministration, leading possibly to adverse consequences [13—15]. Even if
most radiation incidents were caused by human errors, appropriate dosimetry is
essential to reduce the risk of misadministration. Source strength measurement
is therefore considered a fundamental part of a general quality assurance (QA)
programme for brachytherapy treatments, in order to deliver the prescribed
dose to the target tissues [16—19]. End user dosimetry of brachytherapy sources
is necessary to ensure traceability through secondary standards dosimetry
laboratories (SSDLs) to the internationally accepted standards of primary
standards dosimetry laboratories (PSDLs).

The majority of HDR systems in use worldwide are '**Ir radionuclide based.
A very small number of these are PDR systems, which combine the advantages
of HDR stepping source dosimetry principles and safety with the favourable
radiobiological properties of LDR brachytherapy applications [20]. Because of
the relatively short half-life and the need for regular source replacement of '*’Ir,
other radionuclides, such as ®*Co [21-23], or X-ray electronic brachytherapy
(eBT) devices [3, 24] have been suggested for performing HDR treatments.
Other radioactive photon-emitting sources, with lower energies and dose rates
than '*’Ir and ®°Co, are also widely available [25]. Each of these types of sources
have their own dosimetry requirements for the PSDLs, the SSDLs and hospitals.

Beta emitting radionuclides such as *°Sr/*°Y and '"Ru/'*Rh are used for
specialized procedures, especially concerning intravascular applications [26]
(°°Sr/*°Y) or ophthalmic treatments [27, 28] (both *°Sr/*’Y and !%°Ru/!”Rh). Beta
particles generally require dosimetry at the millimetre range, whereas photon
sources extend further, with an application distance that might reach up to a few
centimetres in some cases. The use of surface applicators for treatments using
brachytherapy sources is also growing and requires its own consideration [29].
There have been many new radioactive sources introduced, many of which have
still not found a place in the community for various reasons [30-35]. In addition
to the standard source strength-specifying quantity of reference air kerma rate
(RAKR) or air kerma strength (AKS), the other quantity that has been suggested
is absorbed dose to water. The appropriate sections below consider these
in more detail.

The expansion of the use of various sources has greatly increased around
the world, but some of the available brachytherapy codes of practice are on the
order of 20 years old and need updating [36, 37]. The need for an international



dosimetry code of practice has become evident, especially for the standardization
of quantities and dosimetry procedures.

1.2. OBJECTIVES

The present International Code of Practice for Brachytherapy Dosimetry is
aimed to enable common procedures to perform dosimetry of radioactive sources
used in brachytherapy, excluding beta-emitting eye plaques and applicators, as
well as stranded seeds and mesh type sources. Targeted radionuclide therapy and
miniature X-ray brachytherapy devices, known also as electronic brachytherapy
(eBT), were also excluded from this code of practice. It provides a description
of the most accurate and sensitive calibration systems available at PSDLs and
recommends suitable detectors and procedures for source strength measurements
at SSDLs and hospitals.

Guidance and recommendations provided here in relation to identified good
practices represent expert opinion but are not made on the basis of a consensus of
all Member States.

1.3. SCOPE

This code of practice covers methods that are relevant to the brachytherapy
dosimetry process. It is important to all the professionals involved in this process,
starting from the radiation metrologist establishing the quantities at the PSDL to
the clinically qualified medical physicist working in the hospital and providing
the measured quantity to the treatment planning system (TPS). It addresses the
main radioactive HDR and LDR brachytherapy sources currently used in the
clinical practice, both photon and beta emitters, that can be measured by means
of a well type re-entrant ionization chamber. This easy-to-use reliable detector
was chosen as the reference detector recommended by this code of practice, since
it has been used for the quantification of radioactive sources over many decades
and has demonstrated its value at all levels of the calibration chain [16, 38, 39].

This code of practice is directed to the clinically qualified medical physicists
and the radiation metrologists dealing with brachytherapy dosimetry and detector
calibration. It is not directed to the physician involved in the clinical practice.



1.4. STRUCTURE

This code of practice consists of ten sections and six appendices. Following
this introduction that frames the background and scope of this code of practice,
Section 2 provides a description of the radioactive sources currently available
for brachytherapy. The dosimetric quantities reference air kerma rate, air kerma
strength and absorbed dose to water are discussed in Section 3, along with the
dose rate constant and other parameters important to properly characterize
radioactive sources. Since this code of practice is based on the use of the well-type
ionization chamber instrumentation, Section 4 provides a detailed description
of this instrumentation and defines the requisites for reference-class well-type
ionization chambers. It also includes a description of HDR remote afterloaders.
Section 5 contextualizes the dosimetry framework that defines dissemination of
primary dosimetry standards down to the hospital level and Section 6 provides
an overview of the available primary standards useful for brachytherapy
calibrations. Their dissemination through the adoption of a well-type chamber
dosimetry system is furthermore described. Section 7 defines the dosimetry
formalism employed for the determination of the dosimetry quantities used in
this code of practice. In relation to Technical Reports Series No. 398, Absorbed
Dose Determination in External Beam Radiotherapy [40] and Technical Reports
Series No. 457, Dosimetry in Diagnostic Radiology: An International Code of
Practice [41] that are based on the use of the beam quality correction factor &, 0,
in this code of practice a source model correction factor &, , is defined to take
into account any difference between the actual source model sm and the one used
for calibration, sm,. The general procedure to properly perform brachytherapy
dosimetry with the well-type chamber is given in Section 8, along with a
description of methods to check for short and long term stability of the measuring
system. Section 9 deals with the estimation of the uncertainties typically involved
with the source strength measurement of LDR and HDR sources. The way
measured reference quantities are useful in the clinical practice for assessing
the dose to the patient is outlined in Section 10. The main brachytherapy source
categories and treatment delivery methods are briefly approached.

Appendices are provided to complement the information given in the main
body of the publication: Appendix I briefly mentions the antiquated quantities
and units that are not recommended to be used any more for dosimetry purposes;
Appendix II provides an insight into the present situation for dosimetry standards
based on air kerma and absorbed dose to water for the sources considered in
this code of practice; Appendix Il provides a brief description of X-ray eBT
devices and the current status of development of their dosimetry standards;
Appendix IV provides an insight into some detector systems different from the
well-type ionization chamber that might be used for brachytherapy dosimetry.



Appendix V describes in more detail the formalism found in the American
Association of Physicists in Medicine (AAPM) Task Group No. 43 Report which
is commonly used for dose distribution calculation in interstitial and intracavitary
brachytherapy; Appendix VI introduces the theory for the estimation of
measurement uncertainties.

2. BRACHYTHERAPY RADIOACTIVE SOURCES

Encapsulated radioactive sources for brachytherapy include many different
designs and consist of radioactive materials permanently sealed in a capsule, or
closely bonded and in a solid form [42]. The radioactive source is encapsulated
in order to prevent escape or release of the radioactive material under normal
conditions or in case of probable accidental events. Common materials used
for brachytherapy source encapsulations are stainless steel, tungsten (W),
titanium (Ti) and nickel (Ni). They provide adequate mechanical strength and
low attenuation. In addition, the non-toxic material of the brachytherapy source
housing is not interacting physically or chemically with body fluids, which could
weaken the source integrity.

Photons are the most frequent type of radiation used in treatments, with
energies ranging from 0.02 to 1.25 MeV. Low energy and high energy photons
are distinguished as having an average energy less than or equal to 50 keV or
exceeding 50 keV, respectively [23]. By design, the brachytherapy sources are
positioned in proximity or within the target volume, temporarily or permanently.
According to the definition provided by ICRU [43], LDR treatments show a dose
rate to the dose prescription point (or surface) between 0.4 Gy h™' and 2 Gy h™!.
High dose rate treatments are defined as those treatments delivering more than
12 Gy h™! to the dose prescription point (or surface). Intermediate dose rates
(2 Gy h™' to 12 Gy h™") are in principle referred to as medium dose rates (MDRs);
however, they are not commonly used in the clinical practice. Pulsed dose rate
treatments mimic continuous LDR treatments by delivering small fractions of
the prescribed dose — called pulses — with an MDR source. Regular pulses of
10 to 15 minutes duration are repeated once per hour until the prescribed fraction
dose is reached.



2.1. MAIN PHOTON-EMITTING RADIOACTIVE SOURCES

There are currently six radionuclides used as photon emitting sources. With
regard to their average energy, they can be grouped into low energy and high
energy sources. Referring to the dose rate delivered to the dose prescription point
(or surface), they can also be grouped into LDR, HDR and PDR sources. The
division and type of photon emitting sources are shown in Table 1, with eBT
sources being included for comparison purposes.

The low-energy photon-emitting sources using '®*Pd, '*I and ''Cs
radionuclides have the advantage of being easily shielded as their average
energies are approximately 20 keV, 28 keV and 30 keV respectively. Given the
low energies and relatively short half-lives (see Section 3.4.1), these sources
are mostly used for LDR permanent implants with sources ordered on a patient
case-specific basis. In general, these low energy LDR sources are encapsulated
in 0.8 mm diameter titanium tubes with lengths of approximately 5 mm; thus, the
colloquial labelling of these sources as seeds.

The high-energy photon-emitting sources using '*’Ir, *’Cs and *°Co
radionuclides have average energies of approximately 0.38 MeV, 0.66 MeV and
1.25 MeV, respectively. Their half-lives are given later in Section 3.4.1. These
sources require the use of high Z shielding for close proximity work and are not
permanently implanted due to their relatively long half-lives (see Section 3.4.1).
For sources using '*’Cs, the radioactive material is contained within 3 mm
diameter and 20 mm long stainless steel tubes for temporary LDR implants. The
192Ir and ®°Co HDR sources are used for temporary applications and reused on
multiple patients. The radioactivity is contained in a capsule having an outer
diameter of approximately 1 mm and a length of 3—5 mm, which is attached to
a source-drive wire for positioning by the HDR remote afterloader. PDR '’Ir
sources are similar in length and have a decreased activity compared to the
standard HDR '?Ir sources. They are also driven by a remote afterloader that is
programmed to deliver the dose pulses with some inter pulse interval.

Dosimetric characteristics of sources are sensitive to the specific
encapsulation geometry and internal radionuclide distribution. Particularly at low
energies, self-absorption and filtration effects are significant, and contaminant
photons due to the characteristic X-rays, which are produced in the outer layers of
steel or titanium source encapsulations, need to be considered (see Section 3.1).
Seed models using the same radionuclide and with relatively small differences in
manufacturing processes and/or in their design may therefore show significant
dosimetric differences. Even if less sensitive, high energy source models might
also show different radiation emissions from one model to another. Approximate
values for the average energy of the emitted photons can only be provided
because the actual average energy is specific to each source model.



TABLE 1. DIVISION OF BRACHYTHERAPY PHOTON SOURCES

Energy Dose rate Type
LE? LDR® 1-125, Pd-103 and Cs-131 seeds
HEP LDR® Cs-137 tube sources;

1r-192 wires, pins and needles

LE? HDR! eBT X-ray sources

HE® HDR! Ir-192 and Co-60 HDR afterloaders
HE® PDR® Ir-192 PDR afterloaders

* LE: Low energy (average energy < 50 keV).

® HE: High energy (average energy > 50 keV).

¢ LDR: Low dose rate (dose rate > 0.4 Gy h™! and <2 Gy h'}).

4 HDR: High dose rate (dose rate < 12 Gy h™).

¢

PDR: Pulsed dose rate.

Globally, there are approximately two dozen low-energy and high-energy
radionuclide-based photon-emitting sources currently on the market. LDR '*’Cs
tubes are used rarely and with decreasing popularity, as are the alternative of
PDR "’Ir sources and '**Ir LDR wires, pins and needles.

2.2. BETA-EMITTING RADIOACTIVE SOURCES

Beta emitting sources are used less frequently but have the potential
for better dose conformity than photon emitters for shallow disease. These
include '"Ru (decaying to '“Rh, which is also a beta emitter) and *°Sr
(decaying to °Y, which is also a beta emitter). Considering the influence of
the daughter radionuclides on the beta energy and source half-life for '"Ru
and *°Sr, the maximum energies are approximately 3.54 MeV and 2.27 MeV,
respectively [27]. Their half-lives are given later in Section 3.4.1. Due to its
high specific activity, *°Sr/*’Y has been used as an HDR source for temporary
intravascular brachytherapy (IVBT) treatments with thin sources administered
for intracardiac BT via a catheter [44—46].

Beta emitters also have a long history in ophthalmology treatment, having
the advantage of reduced dose penetration in tissue [47]. Sources of '®Ru and
%Sr used in intraocular brachytherapy are usually curved in the form of plaques



and superficial applicators, respectively, conforming to the shape of the eye.
Ophthalmic plaques containing '"Ru/!%Rh are available in different diameters,
and the active area is customized to different tumour sites [48]. They may have
symmetrical and asymmetrical shapes with cut-outs for the optical nerve or
iris. The dose is commonly prescribed at a set distance along the plaque central
axis [28]. Existing ophthalmic *°Sr/*°Y superficial applicators have a 10-18 mm
diameter and are used for the surface treatment of anterior conjunctival lesions
near the cornea (i.e. pterygium) [49-51].

These *°Sr/*°Y applicators are, however, no longer being manufactured. If
the user has a recently calibrated applicator (i.e. 3 to 5 years), it could be used
clinically. The value would be given in absorbed dose rate to water (Gy s') at
a specified time, and the dose uniformity of the source would also be provided.
The University of Wisconsin Accredited Dosimetry Calibration Laboratory
(UWADCL) calibrated 222 sources from 1997 to 2008, and a large number of
sources did not exhibit a suitable dose uniformity. Comparison to prior source
strengths indicated an average discrepancy of —19% with values ranging from
—49% to +42% [52]. If the user identifies an old source like this, the suggestion is
to dispose of it, especially if it is without a recent calibration (i.e. within the last
5 years). In addition, it is recommended to leak test the source within one year
according to international guidance.

There are significant obstacles that make the measurement of the source
strength for ?°Sr/*°Y ophthalmic applicators and '°Ru/!Rh eye plaques
challenging in the clinical setting. Recently, 'Ru/'"Rh plaques have been
calibrated with a concave windowless extrapolation chamber. A technique is
provided in Hansen et al. [53] to calibrate an ionization chamber that can be
used in a clinical situation. Prior to this, there was no recommended traceably-
calibrated instrumentation to locally perform this type of measurement [28], and
there is no international consensus on the calibration procedure, frequency and
timing, nor on the instrumentation and procedures to be used in the hospital. This
code of practice does therefore not apply to these sources. In these instances,
alternative methods to measure the dose rate at a specific depth from the source
are recommended. Examples are provided in the literature for a variety of
detectors (i.e. extrapolation chambers, thermoluminescence dosimeters (TLDs),
radiochromic films, plastic scintillators, silicon diodes, diamond detectors and
small volume ionization chambers) [53-56]. Useful information can be found
in Appendix IV.



2.3. OTHER PHOTON-EMITTING RADIOACTIVE SOURCES

Beyond the aforementioned sources, there are other BT sources that are
innovative, but for which there may not be a robust means of providing source
strength calibrations [57].

Ytterbium-169 has been proposed as a radionuclide to replace '**Ir as an
HDR source due to its lower mean photon energy of 0.09 MeV compared to
0.3 MeV [57, 58]. In practice, however, the amount of shielding reduction is not
substantial, and its half-life (32 days) is shorter than that of '’Ir (73.83 days),
requiring more frequent source changes. Furthermore, there are no manufacturers
offering this source and no primary calibration standards are available at present.
There was a manufacturer in the past that offered a '**Yb source with a traceable
calibration [59].

Other innovative sources include seeds containing shielding to provide
directional radiation [60—65], source-applicator combinations utilizing shielding
for large-scale radiation directionality [66—69], and dynamic shielding of source-
applicator assemblies to employ intensity modulation [70—75]. While many of
these technologies are promising or already in clinical use, the clinical team needs
to be cognizant of dosimetry and treatment planning challenges as outlined in the
Task Group No. 167 Report of AAPM and European Society for Radiotherapy
and Oncology (ESTRO) [57].

3. QUANTITIES AND UNITS

The relevant quantity for brachytherapy applications is the absorbed dose
to water D, measured at points that are clinically relevant and therefore close
to the source. However, reference dosimetry of photon emitting sources has, for
decades, been based on standards and transfer chambers in terms of air kerma,
and availability of calibrations based on primary standards in terms of absorbed
dose to water is currently limited [76—78].

Established dosimetry protocols for photon emitting sources are therefore
based on reference air kerma rate (RAKR) or air kerma strength (AKS) standards
and transfer instruments. Among these protocols, the AAPM TG-43 report and
updates [79—83] play a prominent role as the underlying methodology that has
been adopted worldwide. It is very important that the user is aware of the quantity
used for the source strength. There have been mistakes made in putting the wrong
quantity in the TPS [84].
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FIG. 1. The polar coordinate system chosen as the reference coordinate system for the AAPM
TG-43 formalism. The radioactive content of the source is shown in grey (length L) and is
surrounded by its encapsulation. 0, equals 90°.

The reference coordinate system chosen in this publication is the same as
the one given in the AAPM TG-43 Report [79] and is shown in Fig. 1. According
to this reference system, £ is the angle (typically measured in radians) subtended
by the point of interest P(r, ) and the two ends of the source active element,
6 is the polar angle between the source longitudinal axis and the ray from the
centre of the source to the point of interest P(#;, ), and r is the distance (typically
measured in cm) from the source centre to the point of interest P(r; 0). 0, is the
reference polar angle and r the reference distance from the source centre.

Table 2 provides a summary of the main physical quantities used in this
code of practice, including their typical units.

3.1. REFERENCE AIR KERMA RATE AND AIR KERMA STRENGTH

According to the International Commission on Radiation Units and
Measurements (ICRU) [43, 85-87], the RAKR K s.r18 defined as the air kerma
rate due to photons of energy greater than a cut-off value J, at a reference distance
dy of 1 m from the source centre, on the transverse plane normal to the long axis
of the source and bisecting it, corrected for air attenuation and scattering as well
as for possible photon scattering from any nearby walls, floors, and ceilings as
well as from nearby objects in the room (i.e. in vacuo).
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TABLE 2. PHYSICAL QUANTITIES USED IN THIS PUBLICATION,
INCLUDING THEIR TYPICAL UNITS (Physical quantities with no units are

indicated wit

““ n)

Quantity

Typical units

Short definition

DW (r,9)

F(r, 0)

¢ﬂﬂ(r)

Gy(r, 0)

gx (1)

mGy-h! or Gy-h!

mGy-h! or Gy-h!

keV

cm-

Absorbed dose rate to water at the point of interest
P(r, 6)

Absorbed dose rate to water in water at the reference
point P(ry, 6y); Dy, g =Dy (ro,eo)

Photon energy cut-off value used for air-kerma rate
evaluation

2D anisotropy function: ratio of the dose rate at
distance r and angle 0, around the source, to dose rate
on the transverse axis at the same distance »

1D anisotropy function: ratio of the dose rate at
distance r, averaged over the entire solid angle (i.e.
4m), to dose rate along the transverse axis at the same
distance

Geometry function: considers both the inverse square
law and the influence of the approximate physical
distribution of the radionuclide on the dose
distribution. The subscript X designates either P or L
if the point source or line source approximation is
chosen, respectively

Radial dose function: describes the dose rate at
distance r from the source along the transverse plane
relative to the dose rate at the reference distance r,
excluding the dose geometrical fall-off effects
modelled with the geometry function. The subscript
X designates either P or L if the point source or line
source approximation is chosen, respectively

Air kerma rate at distance d from the source, in
vacuo, due to photons of energy greater than o
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TABLE 2. PHYSICAL QUANTITIES USED IN THIS PUBLICATION,
INCLUDING THEIR TYPICAL UNITS (Physical quantities with no units are
indicated with “-".) (cont.)

Quantity Typical units Short definition

Jie mGy-h! Reference air kerma rate: air kerma rate, in vacuo, at
8.R a reference distance 1 m from the source centre,
along the source transverse plane due to photons of
energy greater than J

kpp — Air density correction factor

Kicax — Leakage currents correction factor (corrects for any
measured signal not due to the source being measured)

Kjee A-rdg ! or Electrometer calibration coefficient (i.e. rdg stands

nC-rdg™ for readings on the electrometer display)

Kol — Polarity correction factor

kg — Ion recombination correction factor

kgee — Source decay correction factor

ki — Altitude correction factor (in addition to the air density
correction factor and specific for low energy sources)

k — Source model correction factor: corrects for the

SsStty difference between the response of an ionization

chamber irradiated with the calibration source model
sm,, and with the user source model sm. Both sm, and
sm contain the same type of radionuclide but are
assumed to have different geometries. The source
model correction factor also depends on the type of
well-type chamber and source holder

A cm? Dose rate constant: absorbed dose rate at the
reference point P(r,, 6,) per unit of S, after having
removed geometry function effects

A — Notation indicating that the dose rate constant is

fo defined as the absorbed dose rate at the reference
point P(ry, 0,) per unit of K o, after having
removed geometry function effects
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TABLE 2. PHYSICAL QUANTITIES USED IN THIS PUBLICATION,
INCLUDING THEIR TYPICAL UNITS (Physical quantities with no units are
indicated with “-".) (cont.)

Quantity Typical units Short definition

M, A Reading of the dosimeter irradiated with a source
model sm, corrected for the influence quantities other
than the source model (e.g. air density, leakage
currents, electrometer, polarity, and ion
recombination)

M, A or rdg Raw reading of the dosimeter irradiated with a source
sm, uncorrected for any influence quantity

] cGy-h-A™! Reference air kerma rate calibration coefficient
Ks rosto measured with the calibration source model sm,,
cGy-cm>h™-A™"  Air kerma strength calibration coefficient measured
Skesmo with the calibration source model sm;
P kPa Ambient pressure
RH % Ambient relative humidity
Sy 1cGyecm?h™'=1U Air kerma strength: air kerma rate K, (d), in vacuo,
due to photons of energy greater than o at any
distance d from the source centre, on a transverse
plane normal to the long axis of the source and
bisecting it, multiplied by the square of the distance o*
L dory Half-life of the radionuclide
T °C Ambient temperature

The SI unit for K sR IS Gy's ' at 1 m from the source, but for the purposes
of source specification it is usually more convenient to use mGy-h™' and Gy-h™'
for LDR and HDR brachytherapy sources, respectively. The formalism behind the
definition of the RAKR is equal to that of the definition of the absorbed dose to
water in EBRT [40], and the quantity itself is defined under reference conditions.

According to the definition given by the AAPM [37, 79, 81], the air kerma
strength (AKS) S is defined as the air kerma rate K,(d) (in vacuo, due to
photons of energy greater than J) at any distance d from the source centre, on a
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transverse plane normal to the long axis of the source and bisecting it, multiplied
by the square of the distance d”:

Sy =K(d)d* (1)

RAKR or AKS measurements are performed at any distance much larger
than the linear length L of the radioactivity distribution of the source core. This
allows the application of the point source approximation and can be assumed for
d being at least ten times bigger than L. The unit for Sy is uGy-m?-h™! which is
denoted by the symbol U where 1 U =1 pGy'm*h™' = 1 ¢cGy-cm?-h™'. The units
for K5 pand Sy are therefore different.

For both K and Sy, the energy cut-off ¢ is defined to exclude low
energy or contaminant photons, since they increase the air kerma rate without
contributing significantly to the absorbed dose at depths that are clinically
relevant (i.e. >1 mm in tissue). Low energy photons typically originate in the
outer layers of the metallic source capsule as the result of the interaction of the
emitted source core radiation with the shielding (e.g. characteristic X-rays).
Values for § depend on the intended clinical application and are typically 5 keV
and 10 keV for low and high energy photon-emitting sources, respectively.

The physical difference between these two quantities is that K s.r1S always
defined at 1 m, whereas Sy incorporates the distance and the inverse square law
as applied to an isotropic point source. This difference is important, since in some
cases the distance of measurement d,, is different from the reference distance of
dg = 1 m. In that case, a correction factor is applied given by the inverse square
law at the measurement distance according to:

2
Ksn=Ks (dm)(—mJ @
3.2. ABSORBED DOSE TO WATER AND THE DOSE RATE
CONSTANT
According to the formalism provided in the AAPM TG-43 report (and

updates) [79-83] conversion from Sy to the absorbed dose rate to water at the
reference point P(ry, 0)), Dy, =Dy (ry,0,) is obtained by multiplying S with
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the dose rate constant A, which is defined as the absorbed dose rate to water at
the reference point per unit of Sy according to:

B Dy, (ro, 0 o) 3
e &)
SK
Analogously, conversion from K; , to Dy, p inthe same reference conditions
can be obtained using the dose rate constant A, [88], which is defined as:

_ Dy, (ro,eo)

Aro K5R

4

Aand A, are characteristic of the radionuclide and of the particular source
model. For photon sources the reference point is usually specified at a distance
=1 cm along the transverse plane of the source (0, = 90°) (see Fig. 1 for the
reference coordinate system). Consensus data for the dose rate constants of the
main commercially available sources at the time of this report are available in the
literature [23, 79-83]. The unit for A is usually cm* whereas A is dimensionless.
Current source data meeting the AAPM prerequisites are also available on-line
on the joint AAPM/IROC Houston Brachytherapy Source Registry [89]. Source
data may also be found on other on-line resources [90, 91].

3.3. RECOMMENDED CALIBRATION QUANTITIES

This section describes the recommended quantities for the specification
of the strength of brachytherapy sources this code of practice deals with. All
of these source types may be calibrated using a re-entrant well-type ionization
chamber with a specific source-positioning holder to position the source at the
centre of the chamber.

3.3.1. Photon-emitting radioactive sources

The RAKR K s.xis recommended by ICRU [43, 85-87] as the reference
quantity for the source strength specification of photon-emitting radioactive
sources. The AKS S, is recommended by the AAPM [37, 79, 81] and National
Institute of Standards and Technology (NIST). The quantity Sy is currently
inserted into most of the available TPSs to perform dose distribution calculations.

15



3.3.2. Beta-emitting radioactive sources

Unlike photon-emitting radioactive sources, source strength of beta
emitters is not specified in terms of Sy or K s.x- The recommended quantity for
the strength specification of beta emitting sources is the absorbed dose rate to
water at a reference distance r, in water from the external surface of the source
Dy (r,), along the axis of symmetry of the source. The recommended reference
distance of calibration for IVBT sources is r, = 2 mm [28]. Even if measurements
at this short distance are challenging, this distance is chosen considering the
shallow penetration, the relevance to clinical applications “and the difficulty of
accurate dose determination on the surface of the sources” [87].

3.4. NUCLEAR DECAY: HALF-LIVES AND DATE AND TIME
STANDARD

An incorrect half-life ¢, ,, or its improper update have been among the main
sources of errors and treatment misadministration in brachytherapy in the past
[11, 12, 92]. In fact, it is recommended to calculate the source activity accurately
and to keep updated according to the date and time of a performed measurement
or treatment, since the dose rate delivered to the patient is proportional to it.

3.4.1. Reference half-lives

Half-life is specific for each radionuclide and is fundamental to determine
the activity of the source at the time of treatment. Reference ¢,,, data can be
found in the literature [93-97] and in resources available on-line [98—102].
Recommended half-lives of some of the radionuclides used in brachytherapy are
provided in Table 3. For unit conversion from years (y) to days (d), the factor
365.242198 d y ! is applied, and rounded where appropriate [103].

3.4.2. Reference date and time standard

Since date and time are fundamental to provide an accurate evaluation of
the current source activity, it is important to use a proper standard to define them.
To this end, the International Organization for Standardization (ISO) issued the
8601:1-2019 standard to provide a consistent convention for the representation
of numeric dates and times and their exchange between countries [104]. The
recommended representation for calendar dates and times of day is given in
Table 4. The recommended time standard is the Coordinated Universal Time
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(UTC), which is the time standard commonly used across the world and from

which local time is derived.

TABLE 3. RECOMMENDED HALF-LIVES FOR RADIONUCLIDES
USED IN BRACHYTHERAPY

Atomic Main decay used

Radionuclide Element name number Z for brachytherapy

Half-life ¢, ,

Co-60 Cobalt 27 Y 1925.21 £0.29 d [95]
Sr-90 Strontium 38 B 28.80+0.07 y [95]
Rh-106 Ruthenium 44 B 371.5+2.5d[97]
Pd-103 Palladium 46 Y 16.991 £ 0.019 d [99, 100]
[-125 lodine 53 Y 59.388 +0.028 d [96]
Cs-131 Caesium 55 v 9.689+0.016 d [99, 100]
Cs-137 Caesium 55 Y 30.05+0.08 y [95]
Ir-192 Iridium 77 Y 73.827 £ 0.013 d [94]

TABLE 4. RECOMMENDED REPRESENTATION FOR LOCAL
CALENDAR DATE AND TIME (according to [104])

Calendar date Time of day
Extended format YYYY-MM-DD h:m:s
Specific format (e.g. 24 November 2010, 5 minutes 2010-11-24 21:05:30

and 30 seconds past 21 hours)

Note:  Digit used to represent characters in the time scale component: Y: calendar year;
M: calendar month; D: calendar day; h: clock hour: m: clock minute; s: clock
second.
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4. INSTRUMENTATION

4.1. THE RE-ENTRANT WELL-TYPE IONIZATION CHAMBER
DOSIMETRY SYSTEM

As it is thoroughly discussed later in this publication, the recommended
method to measure the strength of the main brachytherapy sources is
based on the use of a re-entrant well-type ionization chamber, usually
called a well-type chamber. The system for brachytherapy dosimetry is
considered as the combination of the following components:

(a) A vented well-type chamber;

(b) A source holder to position the source inside the well-type chamber;
(¢) An electrometer;

(d) An extension cable (if required).

A description of each one of these components can be found below. Since
an important part of the dosimetry system is also a method for well-type chamber
constancy checking, recommended additional accessories and methods are
discussed in Section 8.5.

The system needs to be stored in a suitable location (particularly with regard
to security and environmental control) and should be used by authorized personnel
only. It is also recommended in this code of practice to bring the measurement
assembly to the site before starting the measurement since it requires time for
the dosimeter to equilibrate with the environment. Since well-type chambers
are heavier and bigger than other smaller measurement devices such as thimble-
type ionization chambers, longer times are generally needed to equilibrate. The
system necessitates a warm-up period before commencing any measurements.
Users need to refer to the relevant manual for recommended warm-up times.

4.1.1. The well-type chamber

The recommended well-type chamber is of the type designed for
brachytherapy dosimetry applications and able to be used to derive the source
strength of LDR and HDR brachytherapy sources. It is recommended that only
vented (open to atmosphere) type chambers are used. Sealed chambers are not
recommended for measurements as over time they may start leaking, which may
cause a change in their calibration coefficients. Specifically, pressurized well-type
chambers commonly used in nuclear medicine applications are not to be used for
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brachytherapy measurements because they have calibration settings for nuclear
medicine radionuclides and not for brachytherapy sources and provide readings
in units of activity. The use of a chamber from a nuclear medicine practice may
also lead to contamination of the source holder and/or chamber.

A cross-sectional schematic of a typical well-type chamber is depicted in
Fig. 2. There is a cylindrical outer chamber wall with an inner wall that delimitates
an opening for inserting and positioning the source inside the well at a distance
from the bottom of the chamber. A removable source holder, also included in
the sketch, is used to achieve this. The well-type chamber has three electrodes,
like other ionization chambers. The triaxial cable is connected to an electrometer
which measures the ionization current and supplies a high voltage between
the central collecting electrode and the outer electrode. The guard electrode is
sandwiched between the outer and collecting electrodes and separated from both
by a high voltage insulator. The electric potential of the guard electrode is always
the same as that supplied to the collecting electrode, to ensure that the collected
charge does not leak through the insulator to the environment. The voltage
gradient between the outer and collecting electrodes defines the sign of charge
(negative or positive) collected with the electrometer.

An ideal chamber would show no sensitivity to the position of the
brachytherapy source within the well, but all practical chambers generally have
what is referred to as a ‘sweet spot” where the chamber signal is the maximum.
The length of the sweet spot, defined for a single source as the full width at 95%
of the maximum signal, has to be as large as possible, and certainly larger than
the longest dimension of the source being measured.

4.1.2. Well-type chamber source holders

A source holder is used to establish a reproducible source position within
the chamber cavity. Since a source holder is part of the calibration chain
influence quantities, the measurements need always to be carried out with the
appropriate holder made by the manufacturer for that particular source model and
well-type chamber. Holders of the same model are not to be swapped between
different well-type chambers, otherwise the well-type chamber calibration will
be compromised. To ensure repeatable measurements, some source holders have
a marking on the upper surface that needs to be rotationally aligned with labelling
on the body of the well-type chamber.

HDR and LDR source holders are different, and they are not to be mixed.
The most common material used for HDR source holders is either polymethyl
methacrylate (PMMA) or a low Z metal. In some cases, a low mass thermal
insulator (usually Styrofoam) is added [105]. Encircling the central aluminium
tube, the insulator maintains thermal equilibrium between the ion collecting
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FIG. 2. Cross section of a generic design of a well-type chamber. Actual well-type chambers

from different manufacturers might look different. A different source holder without a catheter
is used with LDR seeds.

volume and the source during the measurement, since heat can be generated by
the higher activity of HDR sources. In the case of LDR seeds, the source holder
is composed of a central plastic tube fastened to a low mass, low Z frame to
consistently position the seed(s) within the centre of the well-type chamber.
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4.1.3. Electrometers, cables and connectors

An electrometer is used for measurements of ionization current and charge.
Different modes, like continuous and triggered charge collection, are usually
available on the electrometer. Some modern electrometers are current-sensing
devices, rather than charge-sensing, and therefore it may be preferable to measure
current. It is therefore important to understand the preferred measurement mode
of the electrometer being used.

It may be possible to set the polarity of the polarizing voltage that is
provided by the electrometer, so that the well-type chamber can be operated with
the same voltage gradient between the inner (collecting) electrode and the outer
electrode that was used during calibration at the calibration laboratory. If the
user of the well-type chamber measures the same sign of charge/current (either
negative or positive) that was measured at the calibration laboratory, there is no
need to apply a polarity correction factor.

It is also important that the variation of the voltage provided by the
electrometer is possible, in order to determine the ion-recombination correction
factor, k, (i.e. the reciprocal of the ion collection efficiency) [36, 106].

Other important parameters relevant for the choice of electrometers are
the current/charge measurement range and resolution, linearity and zero drift.
It is recommended that the electrometer connected to the ionization chamber is
suitable for measurements of ionization currents up to 200 nA for HDR sources
and has a resolution at the femtoampere level for LDR sources. The majority of
commercial electrometers currently available meet these requirements but testing
and investigation may be required for older instruments to verify compliance.

4.1.4. Connectors and extension cable

An important part of the measurement assembly is constituted by the
electrometer and well-type chamber connectors. Most commonly, dust collects
on the interior part of a connector. The connector cleaning procedure should be
periodically conducted, or it can be done whenever there are signs of drift or
leakage. After the visual inspection of a connector, dry, oil-free compressed air
can be used to remove dust and contaminants.

In many cases, an extension cable is needed to connect the well-type
chamber and electrometer, and additional visual inspection and leakage checks
are carried out to ensure the correct operation of the cable.
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4.2. REFERENCE-CLASS WELL-TYPE IONIZATION CHAMBERS

Detectors used for the calibration of brachytherapy sources need to
meet a minimum level of performance so that operation of the instrument
does not negatively impact the measurement procedure. Specifications have
been developed for reference-class ionization chambers used for EBRT
[107-109] and therefore it is appropriate to develop a similar specification for
well-type chambers.

4.2.1. Specification of reference-class well-type chambers

(a) Open to atmosphere: Only unsealed, unpressurized chambers are
recommended for brachytherapy measurements.

(b) Size of the well: The chamber needs to be large enough to accommodate the
source to be measured while approximating a 4w geometry to minimize the
impact of source rotational orientation within the well. For a single source,
this implies a well depth of at least 100 mm and a well diameter of around
30 mm.

(¢) Leakage current: Leakage is defined as the signal measured in the absence
of a source within the well of the ionization chamber. This is more likely
to be electrical in nature (i.e. leakage currents arise between conductors
within the ionization chamber, connecting cable or electrometer), but may
be also due to external radiation sources (due to the high sensitivity of the
chamber). In either case, the leakage signal is recommended to be less than
0.1% of the reading obtained with the source present (for an HDR/PDR
source). Without any source in place, the leakage current is advised to be
<50 fA without great positive and negative variation.

(d) Sweet spot and sweet spot length (axial positional response): Given standard
source holders and the cylindrical symmetry of the chamber design, the only
variable associated with the sweet spot is the longitudinal position from
the bottom of the well. Although, intuitively, one would conclude that the
position of the sweet spot is constant, there can be some source-to-source
variability. The length of the sweet spot, defined for a single source as the
full width at 95% of the maximum signal, has to be as large as possible,
with a suggested length larger than 50 mm. A minimum sweet spot length of
30 mm, or larger than the longest dimension of the source being measured is
recommended. For seed trains, a longer sweet spot length of at least 100 mm
may be required.

(e) Ion recombination and polarity corrections: In general, ion-recombination
and polarity corrections are not significant when measuring photon-emitting
brachytherapy sources. lon recombination is advised to be less than 0.2%. A

22



®

(2

(h)

polarity correction is not required if the user operates the well-type chamber
with the same voltage setting and polarity that was used at the calibration
laboratory.

Signal magnitude (sensitive volume) and dynamic range: These two
components are linked in that they are both a function of the sensitive
detection volume of the chamber and the specification of the electrometer.
For a reference class instrument, one desires a single system that can
measure both HDR and LDR sources with similar accuracy. This is generally
achieved with an ionization chamber collecting volume of approximately
200 cm? (at normal pressure, 101.325 kPa) combined with an electrometer
able to measure currents in the range 200 pA to 200 nA with similar accuracy
and precision. In addition, electrometers have digital displays. A minimum
resolution of 0.1% of the typical reading is essential to avoid digitization
errors impacting the measurement.

Energy response: An ideal detector would show no sensitivity to the range
of energy of photons emitted by the radioactive sources compared to the
calibration energy. An open-to-atmosphere design allows the thin walls
necessary to minimize attenuation of low energy photons. But given the
variation in response as a function of energy, it is not possible to eliminate
energy dependence. For open-to-atmosphere chambers, with a thin inner
wall, the energy dependence will not have any significant impact on the
measurement, since the use of source model-specific calibration coefficients
is recommended. For thicker walled chambers further characterization by
the user is required to ensure that any small source-to-source variations are
not amplified by the large wall attenuation.

Environmental sensitivity: The impact of environmental parameters (i.e.
temperature 7, pressure P, relative humidity RH) on air density changes
are taken into account using standard methods for ionization chambers. The
ambient humidity can cause significant effects (variation in leakage currents,
mechanical stability (swelling), etc.). The impact of relative humidity
on well-type chambers has been investigated [110] and the response of a
reference-class chamber is supposed to not vary by more than 0.3% for the
range 15% < RH < 80%.

Short term repeatability: Following the recommended warm up period,
an ideal chamber would show no variation in response from sequential
insertions of a given brachytherapy source. Any variation in signal as a
function of time, other than that caused by the decay of the source, will
impact the measurement. This has been investigated extensively for
cylindrical and parallel-plate ionization chambers used in EBRT but there
are limited data for well-type chambers. However, it is reasonable to use
a similar specification as in [107, 111], that the signal from the ionization
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chamber is supposed to stabilize within 10 minutes, and that the difference
between initial and equilibrium readings will not be greater than 0.5%.
After stabilization, the short term repeatability is advised to be within 0.1%.
Repeatability can mean different things, but in this case, it refers to the
standard deviation of a set of repeated readings for both a source fixed in
position and when it is moved back and forth. For LDR BT dosimetry, the
standard deviation related to short term repeatability can be higher.

() Long term stability: Well-type chambers, if well maintained, have
demonstrated very high stability of their responses over many years,
showing a standard deviation in repeat calibration coefficients less than
0.15% for HDR '**Ir sources [112, 113]. The stability in the electrometer
response is advised to be within 0.2% over two years [59, 114].

(k)  Source holder: The source holder for each source model is a fundamental
part of the brachytherapy dosimetry system. Only with the source holder
adequate for the measured source, can the well-type chamber be considered
as reference class and operating correctly. The combination of the well-type
ionization chamber and the source holder is calibrated for a given source
model. For well-type chambers with universal source holders where a flexible
plastic catheter or steel needle needs to be pushed into the central borehole
of the source holder, the catheter or needle become part of the secondary
standard system. The calibration certificate should contain a description
of the measurement set-up that was used at the calibration laboratory. It is
essential that the well-type chamber is used with the equivalent accessories.
Using different types of source holders and/or catheters or needles might
invalidate the calibration coefficient stated on the calibration certificate.

4.2.2. Available reference-class well-type chambers

Based on the specification given in the previous section, it has been
determined that the currently available chambers that can be regarded as
reference-class instruments are those provided in Table 5. These chambers are
suitable for use in both calibration laboratories and hospitals.

Well-type chambers having longer active lengths, such as the Standard
Imaging IVB 1000, were specifically designed for measurements of the source
strength of long source trains typically found for intravascular sources. Their
properties in terms of volume, sensitivity, axial positional response and location
of the chamber axial point of maximum response are different from those of
well-type chambers designed for single sources.

Chambers that were previously manufactured and might be still in
operation, which are considered to meet the specification, include the
PTW 33004, also distributed with the name Nucletron SDS Type 077.09X. Its
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technical specifications are also provided in Table 5. Other chambers may be
considered reference class if their performances can be shown to meet the above
specification.

Manufacturers of well-type chambers are advised to provide the following
information about their products to the user:

(a) The dimension of the active volume and whether it is vented to the
atmosphere;

(b) The measuring range in RAKR (or Sy) for each possible radionuclide that
might be measured,;

(¢) The polarizing voltage range;

(d) The working environment requirements (temperature, pressure, relative
humidity);

() The main electrical characteristics (e.g. sensitivity, leakage, stability, wiring
and cable connection);

(f) The source models and main characteristics of the source holders, and the
approximate distance of the sweet spot from the base of the chamber well.

4.2.3. Commissioning of well-type chambers

For the models listed in Table 5, it is not necessary to establish the
performance of a particular well-type chamber against the specification listed
in Section 4.2.1. However, it is still necessary to carry out commissioning
measurements to be confident that the detector is operating as expected and is
“fit for purpose’. It is important to note that not all the tests are needed before the
chamber/electrometer/holder system can be used. For example, it is not realistic
to establish long term repeatability prior to putting the system into service;
however, such monitoring needs to be part of the ongoing quality control (QC)
procedures of the SSDL/hospital (Section 8.5). Moreover, well-type chambers
will be independently commissioned for all the different source types that are
used in the calibration and clinical routine.

In Table 6 the recommended commissioning tests for the well-type chamber
and the related tolerance levels are provided [116]. Results of the evaluated tests
are supposed to be consistent with manufacturer specifications, particularly if
these are more restrictive than the reported tolerance levels. Further investigation
is required if the given limits are exceeded.

As an additional commissioning test, to provide further confidence that the
system is working properly, it is recommended to measure the source strength
applying the known calibration coefficient of the commissioned well-type
chamber. The measured source strength needs to be compared to the one given
in the source certificate, corrected for the radioactive decay. The difference is
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TABLE 5. TECHNICAL SPECIFICATIONS OF REFERENCE-CLASS WELL-TYPE
CHAMBERS GIVEN BY THE MANUFACTURERS

Standard Imaging ~ Standard Imaging PTW 33005 PTW 33004¢
IVB 1000 HDR 1000 Plus ~ Sourcecheck*"
Active volume 475 245 116 164
(em’?)!
Typical 300 300 400 400
polarizing
voltage (V)
Nominal 2.1pAU"! 20pAUT! 125 fAMBq! 120 fAMBq!
sensitivity® (Cs-137) (Cs-137) (Ir-192) (Ir-192)
22pAU'(HDR 2.1pAU!HDR 65fAMBq’!
Ir-192) Ir-192) (1-125)
24pAU(LDR 23pAU!'(LDR
Ir-192) Ir-192)
43pAU"! 43pAU"!
(1-125) (1-125)
23pAU! 2.1pAU"!
(Pd-103) (Pd-103)
Typical axial +0.3% over 100 +0.5% over 25 <3% over <3% over
response’ mm mm +17.5 mm +17.5 mm
(Ir-192) (Ir-192)
<3% over £20 <3% over
mm (I-125) +19.5 mm
(Co-60)
Stability 0.2% over 2 years 0.2% over 2 years  <£l1 % per  <tl % per year
year
Leakage current <50 <50 <50 <500

(fA)

#  Also distributed by Nucletron/Elekta as Source Dosimetry System (SDS) 077.09X.

b

c

Not commercially available.
Some unexpected behaviours, including a significant undesired detection volume, have

been discovered for this well-type chamber. The detector can be used as a transfer
instrument for source calibration; however, appropriate precautions are advised to be
taken for optimal use [115].

Vented to the atmosphere.

¢ 1U=1pGy'm>h'.
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typically advised to be <3% for HDR/PDR sources and <5% for LDR seeds'.
Larger discrepancies are advised to be investigated. The measured source
strength and the source strength specified in the source certificate is advised to
agree within their expanded uncertainties (k = 2).

Details about the electrometer commissioning are reported elsewhere [117].
For chambers not listed in Table 5, a wider investigation is required to determine
reference-class performance and therefore suitability for determination of RAKR.

4.3. HDR BRACHYTHERAPY DELIVERY EQUIPMENT

An HDR brachytherapy afterloader is a computer-controlled system that
can drive a high activity source (e.g. 370 GBq of '*!Ir or 74 GBq of ®°Co) from a
shielded safe to a specific point in an applicator and then retract the source back
into its safe after a predetermined dwell time. Afterloaders are operated from a
computer-controlled console and some manufacturers offer additional control
panels with touch screens, for easy and quick control command execution (see
Fig. 3). An additional important function of the control console is to keep the
source strength value updated and consistent with the actual source strength of
the installed source.

In afterloaders that use stepping source technology, a single source,
typically laser welded at one end to a source cable, moves in pre programmed
steps through the applicators. An indexer of the afterloader directs the source
cable from the safe to one of the openings/channels on the front surface of the
unit. Several transfer tubes (e.g. up to 40) can be connected to the afterloader.
The computer drives the source from the safe in the afterloader through a given
channel to the programmed position in the applicator. These positions are known
as dwell positions and a source can dwell there for a predefined amount of
time, called the dwell time. The dwell positions and times in each channel are
fully programmable, thereby giving a high level of flexibility of dose delivery
in clinical brachytherapy applications. It is recommended to update the source
dwell times to take into account the source decay.

The source safe material is usually tungsten. Typical maximum storage
capacity for HDR '"’Ir and ®Co sources needs approval by authorities for
marketing and is determined by the regulatory requirements in different countries.
When a source is in the safe, the dose rates at 1 m distance from the head of the
unit are <1 uSv/h and <10 uSv/h for '*Ir and *°Co sources, respectively.

Prior to each source cable extension, the stepper motor will drive a check
cable (with a dummy source at its end) into the programmed channel to verify the

! It is advised to the average of the measured RAKR of at least 5 LDR seeds.
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TABLE 6. COMMISSIONING TESTS OF THE WELL-TYPE CHAMBER
AND ASSOCIATED TOLERANCE LEVELS FOR REFERENCE-CLASS
(RESULTS FOR THE EVALUATED TESTS ARE SUPPOSED TO BE
CONSISTENT ALSO WITH MANUFACTURER SPECIFICATION)

Test

Tolerance

Mechanical integrity

Can be verified by a physical check; radiographic
images of the system might also help to possibly
detect internal damage or loose cable connections.

Leakage current

Should be measured with the method described in
Section 8.2.3.4. The extension cable will also be
verified if it is used in the standard measurement
conditions. Due to the low ionization current from
LDR sources, it is recommended that no extension
cable be used for such sources.

Sweet spot length

For its quantification, the procedure for the sweet
spot determination will be followed (see

Section 8.2.1).

Ion recombination

Should be measured with the source dwelling in
the sweet spot using the method described in
Section 8.2.3.7.

Polarity effect

Should be measured with the source dwelling in
the sweet spot using the method described in
Section 8.2.3.6.
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No damage or loose cable connections;
free vent hole.

<0.1% of the signal for an HDR/PDR
source;
<1% for an LDR source.

>3 cm (or larger than the length of the
source being measured) for
HDR/PDR/LDR brachytherapy
sources.

<0.2% for HDR/PDR/LDR
brachytherapy sources.

If the chamber is operated at the same
polarizing voltage and voltage gradient
as used during calibration at the
calibration laboratory, no polarity
correction needs to be applied by the
user. This is only required if the
polarizing voltage and voltage gradient
have the opposite sign compared to the
settings used at the calibration
laboratory.



TABLE 6. COMMISSIONING TESTS OF THE WELL-TYPE CHAMBER
AND ASSOCIATED TOLERANCE LEVELS FOR REFERENCE-CLASS
(RESULTS FOR THE EVALUATED TESTS ARE SUPPOSED TO BE
CONSISTENT ALSO WITH MANUFACTURER SPECIFICATION) (cont.)

Test Tolerance
Short term repeatability <0.1% for an HDR/PDR source?;
Can be quantified as the standard deviation of a <1% for an LDR source®.

minimum of ten charge measurements, with the

source dwelling in the same source position for

the same dwell time (see Section 8.4). Two
different tests need to be performed.

(a) Measurements are repeated, and the source is
not removed between one measurement and
the other.

(b) Measurements are repeated, and the source is
removed and put/transferred back between one
measurement and the other.

a

The tolerance values both apply for tests (a) and (b).

indexer
safe

transfer tube

[

console

applicator

connectors

/ """ B 2 2

stepping source welded to a cable

FIG. 3. Simplified drawing of HDR brachytherapy delivery equipment connected to a
(cylindrical) applicator.

integrity of the system. This system can detect a transfer tube and/or applicator
obstruction or constriction from increased friction in the cable movement. For
closed end applicators, the check source will reach the first possible dwell
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position and extend a bit further to detect the applicator end. This additional
verification is performed to check possible erroneous settings for the most distal
source dwell position.
Under certain fault conditions, such as the stepper motor failing to retract
the source, a high torque, direct-current emergency motor will retract the source.
HDR afterloaders from various manufacturers differ in the
following features:

(a) The method of source movement is either from the most distal position in
the applicator backwards or starting at the most proximal position first and
then distally towards the last programmed dwell position. The source speed
canbeupto 0.5t0 0.6 ms .

(b) The possible range of positions over which the source can dwell in an
applicator/catheter (e.g. is at least 400 mm).

(c) The number of definable dwell positions, source step size and dwell times
(e.g. definable in 0.1 s increments in the range 0.1 to 999.9 s per dwell
position).

(d) The number of guaranteed source extensions and retractions. Typically,
about 10 times more applies to °°Co sources if compared to '**Ir.

The safety of afterloaders is ensured through the proper functioning of the
following components:

(a) Independent backup retraction system/motor in the event of primary
retraction system failure;

(b) Additional manual hand crank to retract the source in an emergency;

(c) Measurement system to detect the retraction of the source to the safe with an
in-unit radiation detector (connected to a visual and audible indicator) and
at least either source motion detectors, or switches/photoelectric barriers;

(d) Additional independent room survey monitoring system;

(e) Secondary timer, encoders for motion detection and source position
verification;

(f) Functional emergency buttons on the console and at the walls both inside
and outside the room;

(g) Door interlocks;

(h)  Access to the control console protected by password and hardware key.

A handheld radiation survey meter should also be available as an important

additional part of the safety system as it allows to independently check the source
retraction after the irradiation.
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Transfer tubes are manufacturer-specific plastic tubes that, when attached
to an indexer or channel of an afterloader, are used to transfer the source from the
safe into the applicators for irradiation. For source strength measurements, they
are fundamental to connect the afterloader to the source holder placed inside the
well-type chamber. Transfer tubes and source holders are therefore an important,
integral part in the brachytherapy source strength measurement chain. In a
clinical environment, in addition to the source holder, a dedicated transfer tube
should be kept exclusively for source dosimetry.

On both ends of a transfer tube there is a connector to allow for proper safe
attachment. Some transfer tubes have a ball bearing that blocks the path of the
source if no applicator is attached. In some cases, connection is encoded to avoid
possible misconnections. The accuracy of source positioning depends on the tube
integrity. Some transfer tubes allow for small adjustments of their length.

During measurements, the tubes are guided from the afterloader indexer
to the applicator as straight as possible since bending of the transfer tubes may
lead to their damage. After detaching them from the afterloader, bending and
damage can be prevented by storing the tubes elongated in a horizontal position
or hanging them vertically in a specially designed tube holder.

Acceptance testing of the HDR brachytherapy delivery equipment verifies
that the treatment unit meets safety standards and any specific regulatory
requirements in the treatment and control room (e.g. mechanical and electrical
safety features of the system, safety interlocks, shielding properties, emergency
functionalities, radiation surveys of the afterloader). Moreover, the acceptance
procedure verifies that measured parameters satisfy the manufacturer’s
contractual specification (e.g. positional accuracy, timing accuracy, integrity and
activity of the source).

After acceptance, comprehensive commissioning of new HDR
brachytherapy delivery equipment has to be implemented. It is advised to
repeat commissioning in case significant hardware or software updates of the
brachytherapy system are performed. In both SSDLs and hospitals, important
steps in commissioning comprise (but are not limited to):

(a) Development of operational and QA/QC procedures;

(b) QA of the HDR brachytherapy delivery equipment, including verification
of the proper application of the source decay correction at the treatment
console;

(¢) Training of the involved staff.

Information on how to implement a comprehensive QA programme can be
found elsewhere [10, 37, 118-123].
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4.4. INSTRUMENTS FOR AIR DENSITY AND RELATIVE HUMIDITY
MEASUREMENTS

For all air ionization chambers vented to the atmosphere, it is necessary to
consider variations in the density and/or humidity of the air inside the sensitive
volume. Since it is generally not possible to carry out a direct measurement, it is
deemed sufficiently accurate to measure the analogous parameters, specifically
the temperature of the well-type chamber housing and the humidity of the
surrounding air. Putting the temperature probe either inside the well without the
source holder being present, or in close proximity to the outside of the well-type
chamber housing, will result in a good estimate of the air temperature inside the
sensitive volume. A measure of the room air temperature is sufficient only if the
well-type chamber is in complete thermal equilibrium with the room, something
that is challenging to verify and therefore not a recommended approach. The
same recommendations are given for both SSDLs and clinical situations and this
is for two reasons:

(a) The widespread availability of accurate and affordable temperature,
pressure, and humidity sensors;

(b) Uniformity of equipment operating at a high level of accuracy and precision
ensures that the uncertainty of air density corrections is a very small fraction
of the total uncertainty and is unlikely to have any impact when comparing
results from different institutions.

The following instruments can be used:

(a) Temperature: An accuracy in the measurement of temperature of 0.2°C
is recommended (resulting in an uncertainty due to k;, of less than 0.1%).
Miniature thermistors or platinum elements are readily available and provide
this necessary accuracy. Given the environmental and health concerns with
mercury-containing devices, mercury thermometers are not recommended.

(b) Pressure: The recommended accuracy of any pressure sensor is 0.1 kPa,
ensuring that the uncertainty due to k, is less than 0.1%. Accurate digital
barometers are readily available, negating the need for mercury barometers.
For the measurement of air pressure, it is not necessary to have the barometer
located in the room where the source measurements are taking place, as

2 Note that some smartphones contain an uncalibrated pressure sensor that may be
useful to check a calibrated barometer. Anecdotal evidence indicates performance at the 0.1%
level is possible. However, the lack of any calibration means such a device will only be used as
a check. The user has to verify performance before using them for any secondary QA check.

32



long as it is close by and, ideally at nearly the same altitude. The pressure
equation (p = pgh) can be used for small altitude corrections (e.g. from one
floor of a building to another).

(c¢) Relative humidity: In general, one does not need a very accurate measurement
of humidity and the recommended accuracy is 5% RH. In general, humidity
values are more often used for a go/no-go decision (i.e. to ensure that the
relative humidity of the air in the room where the ionization chamber will
be used lies between acceptable limits (20% to 70% RH)). Any suitable and
calibratable device can be used for this measurement. The measuring range
of the humidity meter is expected to cover at least 15% to 80% RH.

According to the ISO/IEC17025 [124] standard, all equipment that impacts
a calibration will have a traceable calibration. In the context of brachytherapy
dosimetry, this is generally followed for the well-type chamber and electrometer,
but it is not always followed for associated sensors such as temperature and
pressure meters. This code of practice recommends thermometers and barometers
to have regular calibrations which are traceable to primary standards. How
often the recalibration needs to be performed is determined by the experience
and depends on the type of instrument used [125]. The calibration interval can
be wider for hygrometers [88]. As general guidance, a time interval for re-
calibration less than two years is not likely to be necessary, but annual checks are
recommended (e.g. by comparison with secondary check instruments or through
the exchange with a sister institution).

5. DOSIMETRY FRAMEWORK

The need for accurate radiation dose measurements is highlighted in the
medical use of radiation, particularly in radiation therapy. Regular calibration
of dosimetry equipment has been a common practice in EBRT [40, 126]. The
situation has been different in brachytherapy, where calibrations have not been
as prevalent in the past. Manufacturers supply the brachytherapy sources with a
source certificate and in many cases, this has been used directly for the patient
treatment. However, this is not considered to be appropriate, and an independent
verification is needed. In patient dosimetry the aim is to achieve an adequate
level of accuracy, with the uncertainty of the source strength being less than
3% (k= 2) [18, 19]. This is achievable only if calibrated dosimeters are used
for measurements.
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5.1. CLASSIFICATION OF INSTRUMENTS AND STANDARDS

Instruments can be classified according to the following categories, which
are adapted from the list provided in [127]:

(a) Primary standard: An instrument of the highest metrological quality
allowing the determination of a unit of a given physical quantity and not
referring to other standards of the same quantity. The accuracy has been
verified by comparison with standards for the same quantity maintained
by other institutes participating in the International Measurement System
(IMS).

(b) Secondary standard: An instrument with established precision and long term
stability that has a calibration traceable to a primary standard for the same
physical quantity to be measured.

(c) National standard: A standard recognized by a national authority as the
basis for assigning the value in a country of all other standards of the given
quantity.

(d) Working standard: An instrument having the highest metrological quality
available at a given location, which is used routinely to calibrate measuring
equipment. Especially since the measurements by primary standards
are complicated and time-consuming, they are not always feasible for
routine calibrations of brachytherapy sources and chambers at the PSDLs.
Therefore, working standards are applied also at the PSDL level for routine
calibrations [36].

5.2. THE INTERNATIONAL MEASUREMENT SYSTEM

According to the Safety Standards Series No. GSR Part 3, Radiation
Protection and Safety of Radiation Sources: International Basic Safety
Standards [42], the calibration of all dosimeters used for patient dosimetry
and those for source calibration should be traceable to a standards dosimetry
laboratory. The IMS is the technical and administrative infrastructure ensuring
that measurements can be performed at an accuracy that is fit for purpose [128].
The standards used for calibrations should be traceable to the International
System of Units (SI) and they may be either secondary or primary standards. This
international arrangement for traceability is represented schematically in Fig. 4.
If a country does not have a national reference standard, they need to arrange
access to such standards in another country.

Figure 4 is indicative of the dissemination of the traceability for a
brachytherapy standard starting from PSDLs which provide calibrations to SSDLs
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FIG. 4. A simplified representation of the IMS for HDR brachytherapy dosimetry. The solid
black arrows represent the typical calibration chains, and the dotted lines indicate comparisons
of primary and secondary standards. The dashed arrow is indicating an exceptional calibration
of a user instrument by the [AEA that might happen if a country has very limited resources and
no calibrations available for brachytherapy. The grey arrows represent the source calibration
provided by the manufacturer.

or manufacturers. The Bureau International des Poids et Mesures (BIPM) does
not currently offer brachytherapy calibrations but their evaluation of reference
air kerma rate is taken as the key comparison reference value. The PSDLs and
SSDLs intercompare their standards periodically so that it is confirmed that they
agree within their stated uncertainties. Users are advised to not directly rely on
the dosimetry values from a manufacturer but to confirm that their measurements
are traceable to a PSDL.

The process for the user applying the traceability varies whether LDR seeds
are used, or an HDR/PDR source is used. The user employing an HDR afterloader
source needs to have a traceable well-type ionization chamber calibration
from an SSDL or a PSDL (Fig. 4). The RAKR (or AKS) value from the source
certificate is only an indicative value for regulatory purposes. In the case of LDR
seeds (Fig. 5) the usual clinical application is on the order of 100 seeds. The
user is advised to measure 10% or at least 10 seeds with a calibrated well-type
ionization chamber and compare the results with the manufacturer value. The
value measured by the user and the value stated by the manufacturer are advised
to agree within 5%; if this is not the case, the user needs to consult with the
manufacturer and the radiation oncologist [25].

5.2.1. The role of PSDLs

PSDLs have an important role in the calibration chain. They establish the
quantity and disseminate it to SSDLs and end users. PSDLs provide calibrations

35



[ PSDL ][ | PSDL, ]

SSDL i SSDL W | Source |
L y Manufac.

[ USERS J

FIG. 5. A simplified representation of the IMS for LDR brachytherapy dosimetry. The grey
arrows indicate the calibrations, and the dotted lines indicate comparisons of primary and
secondary standards. The black arrow represents the typical source calibration chain provided
by the source manufacturer.

for suitable dosimetry equipment, such as well-type chambers but also for
radioactive sources. In 2020, there were 13 national metrology institutes or
designated institutes (10 PSDLs and 3 SSDLs) which have brachytherapy
calibration services in terms of RAKR listed in the key comparison database
of BIPM [129]. A more detailed description of primary standards and their
dissemination is given in the following section.

5.2.2. The role of SSDLs

There are only 10 PSDLs in the world providing RAKR (or Sy) calibrations
and they cannot provide calibrations for all end users. The role of SSDLs is to
bridge this gap and provide calibrations for end users. Typically, an SSDL will
maintain that country’s national reference standard and they provide calibrations
within the country or in a region. In the United States of America (USA), the
secondary standards dosimetry laboratories are called accredited dosimetry
calibration laboratories (ADCL). In the USA, there are three ADCLs that provide
brachytherapy calibration services for LDR and HDR applications. The ADCLs
intercompare with NIST on a regular schedule. The ADCLs in the USA maintain
sources of each radionuclide and a calibrated well-type chamber.

The IAEA has established a network of SSDLs in collaboration with the
World Health Organization (WHO). The objective of the IAEA/WHO SSDL
Network is to provide and maintain the links between the end users, SSDLs and

36



the IMS. In addition, the aim is to achieve consistency of the measurement, and
IAEA codes of practice are supporting this goal. In 2020, there were 86 members
and 16 affiliated members in the SSDL Network [130].

Based on the annual report of IAEA/WHO SSDL Network members, there
are 28 SSDLs, that offer brachytherapy calibration services. However, only four
SSDLs actually provided calibrations in 2016. Based on a survey performed
in 2017, most of them have only a calibrated well-type chamber and do not
have any brachytherapy sources on-site. Therefore, cross-calibrations are often
performed in hospitals.

The TAEA Dosimetry Laboratory is a central laboratory of the SSDL
Network, and the IAEA provides calibration, comparisons, and audit services
for the Members States. In 2020, the IAEA provided calibration services for
reference standards using HDR 'Ir and *°Co sources and LDR '*’Cs sources.
A current list of services can be found on the SSDL Network website [131].

5.2.3. Recognition of calibration services

In addition to maintaining an operational calibration service, the calibration
laboratories will have appropriate quality systems and defined procedures
for calibration work. The professionals working in the calibration laboratories
(radiation metrologists) will have specific qualifications for brachytherapy
calibrations [130]. The SSDL will demonstrate their capabilities by regularly
participating in comparisons and audits, and by having external reviews to show
supporting evidence for their calibration service.

The International Committee for Weights and Measures (CIPM) has
established a mutual recognition arrangement [132, 133], which provides a route
to get an international approval for the calibration and measurement capabilities.
Those countries that belong to the Meter Convention, the intergovernmental
organization which allows Member States to act in agreement on all matters
related to units of measurement, can achieve international recognition within the
CIPM mutual recognition arrangement. A dosimetry laboratory has to take part in
relevant measurement comparisons and have their quality management systems
(QMSs) established, reviewed and approved.

The IAEA SSDL Charter sets forth the minimum requirements for the
SSDLs that want to become a member of the IAEA/WHO SSDL network.
Also, in this case, the SSDLs have to provide traceable calibrations, estimate
uncertainties, participate in comparisons and demonstrate the quality of
their measurements through a quality management systems in line with the
ISO/IEC 17025 standard [124].

The international standard ISO/IEC 17025 [124] covers general
requirements with regard to the competence of testing and calibration laboratories.
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The standard contains a set of requirements relevant to calibration laboratories to
demonstrate that they are technically competent to perform the work that they do.

Comparisons are an important part of the IMS. However, only few key
comparisons have been organized [134—138]. The IAEA provides comparison
services for radiation therapy, radiation protection and diagnostic radiology but
not yet for brachytherapy. Only one special technical event with a comparison
exercise has been organized. SSDLs are encouraged to promote setting up RAKR
or Sy comparisons and regional brachytherapy audits to ensure consistency in
brachytherapy dosimetry across different radiotherapy centres.

5.2.4. Role of the manufacturer

In brachytherapy, the role of the manufacturer is to provide radioactive
sources that are consistent in their strengths as ordered by the user. A source
certificate is also provided in support of the radioactive sources (see Section 8.6).
For HDR applications, the manufacturer will supply a source with contained
activity close to that ordered by the user, but it is the user’s responsibility to measure
its output and provide the RAKR or Sy for input to the TPS. Manufacturers of the
radioactive sources have a different role for LDR sources. Since large numbers
of sources are used and the user may not measure all of them, the manufacturer
will supply sources with uniform output. All other aspects to help the user will be
considered by the manufacturer. In all cases there is a need for manufacturers to
establish and then maintain traceability to the international metrological network
for all brachytherapy sources. An example of confirmation of traceability may
be an annual procedure for LDR source suppliers, similar to the system used in
North America [88]. In all cases, the possibility for errors exists if there is no
independent end user verification of the RAKR or Sy, which is advised to be
performed with a traceably calibrated instrument. Manufacturers are also advised
to have a traceably calibrated instrument to maintain their consistency.

6. ESTABLISHMENT AND DISSEMINATION OF
CALIBRATION QUANTITIES

In the following section information about the establishment of the
recommended quantities is provided. Since their dissemination takes place
mainly through the use of well-type chambers, specific information about the
calibration of the well-type chamber dosimetry system is given. Request for
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and frequency of calibration as well as information provided in the calibration
certificate are also discussed.

6.1. ESTABLISHMENT OF PRIMARY CALIBRATION STANDARDS

Since the publication of the IAEA-TECDOC-1274, Calibration of Photon
and Beta Ray Sources Used in Brachytherapy: Guidelines on Standardized
Procedures at Secondary Standards Dosimetry Laboratories (SSDLs) and
Hospitals [36] in 2002, many national metrology institutes (NMIls) have
developed and established new brachytherapy primary standards for the
realization of the quantities reference air kerma rate, air kerma strength and
absorbed dose to water. These instruments at the top of the calibration chain
are of the highest metrological quality. For brachytherapy applications, they
are used to calibrate secondary standard dosimeters, for instance well-type
ionization chambers. The calibration chain and the dissemination of the physical
units from PSDLs via SSDLs to the end users has been described in Section 5.
The use of traceably calibrated dosimeters for the measurement of the source
strength of brachytherapy sources by the end users (radiotherapy centres and
source manufacturers) enables an accurate delivery of brachytherapy applications
in the clinic.

Different types of primary standard instruments have been built or are
currently being developed to enable the measurement of sealed LDR and HDR
brachytherapy gamma sources, electronic brachytherapy miniature X-ray sources
and ophthalmic applicators (beta sources). The variety of different design
concepts for the brachytherapy primary standards that are currently available
provides a robust system for the characterization of brachytherapy sources
around the world.

Some of these devices have been compared to each other via international
key comparisons organized by the BIPM over the last decade. At this stage,
only comparisons for the measurement of reference air kerma rate for HDR
2Ir brachytherapy sources have been established: BIPM.RI(I)-K8, APMP.
RI(I)-K8 and EURAMET.RI(I)-S8. The results of these ongoing key and
supplementary comparisons are being published in the BIPM key comparison
database (KCDB) [139].

Appendix II provides a detailed overview of the primary standard
measurement techniques that are currently in use at NMls, ranging from
ionometric to calorimetric and chemical dosimetry standards. For further
technical details on specific instruments, readers are encouraged to refer to the
scientific publications in the list of references.
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6.2. CALIBRATION OF THE WELL-TYPE CHAMBER DOSIMETRY
SYSTEM

The recommended method to measure the source strength of the main
brachytherapy sources is based on the use of a calibrated well-type chamber
system. The electrometer can be calibrated as a system with the well-type
chamber, or separately. In a system calibration, the well-type chamber connected
to the electrometer is calibrated at the same time, as a system; while in a
component calibration, the chamber and electrometer are calibrated separately
and the overall calibration can then be derived from the chamber calibration and
the electrometer calibration.

Extension cables can be permanently fixed in place and therefore it
is not always possible to include them in the complete system that is sent for
calibration. In such cases, additional means could be used to check the integrity
or leakage of any chamber extension cable, by allowing the electrometer to be
connected directly to the chamber, and checks are advised to be repeated as
part of a regular QA procedure (e.g. annually). This QA procedure can also be
accomplished by a redundancy procedure [140], meaning a comparison of at
least two well-type chambers.

Even if well-type chamber dosimetry systems have a proven long term
stability [36, 38, 112], it is recommended to perform regular recalibration
(e.g. every two or three years) [25, 37, 88, 113, 141-143], or in case of drifts
in the chamber response indicated by a long term stability check (Section
8.5). This recommendation is in agreement with requirements for EBRT
equipment [40]. Recalibration is also advised to be performed whenever the
user suspects any damage of one component of the dosimetry system, or after
any repair of one component of the dosimetry system that might possibly have
changed its performance.

6.2.1. SSDL well-type chamber dosimetry system calibration

The SSDL’s well-type chamber dosimetry system (i.e. secondary standard)
should be calibrated against a suitable primary standard at a PSDL. If the SSDL
does not have easy access to a PSDL, their well-type chamber can also be
calibrated in another SSDL, ADCL or the IAEA Dosimetry Laboratory, provided
that this laboratory is traceable to a PSDL. The well-type chamber calibration
will ideally be performed for each source model, sm, which is expected to be used
by the SSDL for subsequent calibrations of the end users’ well-type chambers.
However, in practice this is not possible since traceability is normally available
only for a specific source, and therefore a source model correction factor needs to
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be applied. The specific source holder for the well-type chamber and the source
model used needs to be chosen accordingly.

The well-type chamber calibration at a PSDL is a two-step process. Initially,
the source strength of the brachytherapy source installed in the radiation facility
at the PSDL is measured from first principles with a primary standard. The
measured source is then used to calibrate secondary standard well-type chambers.

In the extraordinary case that it is not feasible for SSDLs to send their
well-type chambers to PSDLs for regular recalibrations covering the whole
range of different radionuclides, traceability can be maintained by checking the
well-type chamber calibration with long-lived calibration sources (e.g. >*'!Am or
137Cs; see Section 8.5.1) and implementing a proper quality control procedure.
An **' Am source is needed to cover the energy region for low energy photons for
checking the constancy of a well-type chamber, whereas a '*’Cs source is needed
to cover the energy region for high energy photons. If the chamber response for
each of the two check sources changes within less than 0.5%, it can be assumed
that the well-type chamber calibration coefficients for the relevant high energy
and low energy sources have remained constant, and the calibration interval may
be extended to a maximum of six years. However, best practice would still be to
get the well-type chamber recalibrated every two or three years, as mentioned
in Section 6.2.

The same approach applies if a redundant measurement system with two or
more well-type chambers is implemented (see Section 8.5.1).

6.2.2. Hospital well-type chamber dosimetry system calibration

A minimum of one HDR source should be available to the SSDL to provide
well-type chamber calibrations. They can decide to purchase their own remote
afterloader with a specific source model or perform calibrations by using an
HDR afterloader based at a hospital. For the latter case, additional QA steps
may be required prior to any calibration to verify afterloader performance. In
both cases, the source model correction factor &, ., is advised to be applied
if the actual source model differs from the one used to calibrate the SSDL’s
well-type chamber.

All measurements and calibrations with HDR and PDR '**Ir sources at
SSDLs are advised to be performed within a reasonable time frame (less than
one year) after receipt of a new source of activity ~0.4 TBq from the source
manufacturer to achieve dose rates that are similar to those typically measured in
clinics. Exchanges of HDR *’Co sources can take place less frequently, preferably
within a time frame of less than 10 years.

A selection of all types of low energy LDR brachytherapy seeds, which
are expected to be used by the SSDL’s end users will be available at the SSDL.
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Alternatively, the end users could purchase their own low energy LDR sources
and send them to the SSDL for calibration, provided the well-type chamber at the
SSDL has been calibrated for that source type. The lowest calibration uncertainty
can generally be obtained for sources listed in a recognized registry® as these
types undergo regular evaluation for reference air kerma rate, anisotropy, and
energy spectrum consistency. These seed types also benefit from published
consensus data sets for the determination of absorbed dose to water. For other
seed types, without such an evaluation program, anisotropy and spectrometry
measurements are needed for full characterization, otherwise significantly higher
uncertainties need to be assigned.

With both HDR and LDR calibration sources, source strength is advised to
be within the same order of magnitude as the source strength of the brachytherapy
sources used by the end user. Calibration coefficients of some well-type
chambers, as for instance the PTW 33004/Nucletron SDS 077.09x, have shown
dependency on the source activity [115].

Electrometers are typically calibrated at multiple points, having both low
and high settings for collected charge and current. This approach allows their use
for LDR sources, HDR sources, and EBRT dose measurements. Be aware of the
leakage of the electrometer. Some older electrometers have higher leakage that
can interfere with the measurement of LDR sources.

6.3. REQUEST FOR DOSIMETRY SYSTEM CALIBRATION

In order to initiate the calibration, some important information has to be
provided from the clinic to the SSDL, or from the SSDL to the PSDL:

(a) The name and address of the institute.
(b) The contact information (name, email, phone).
(¢) Type of calibration requested:
— calibration quantity;
— the radionuclide;
— source model (optional).
(d) A list of all parts that are shipped (e.g. well-type chamber, source holder,
electrometer, extension cable and their serial numbers).

It is recommended to adequately pack all components so that they do not to
get damaged during transportation. Prior to shipping between the clinic and the

3 For example, http://rpc.mdanderson.org/rpc/BrachySeeds/Source Registry.htm
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SSDL, or the SSDL and the PSDL, and after receiving the shipment back, it is
important to perform the following measurements:

(a) Stability check according to one of the methods given in Section 8.5. This
will ensure that transportation did not affect the dosimeter response [40].

(b) Radioactive contamination check of the source holder of the well-type
chamber. The local procedures for contamination verification are advised to
be used. In HDR brachytherapy, since the entire source path (i.e. afterloader,
transfer tube, source holder) is closed towards the outer environment and
the source is not in communication with the external environment, it is
not necessary to check contamination of the well-type chamber and the
electrometer unless there are specific concerns for cross-contamination.

6.4. INFORMATION PROVIDED IN THE CALIBRATION
CERTIFICATE OF THE DOSIMETRY SYSTEM

The following information needs to be provided on the calibration
certificate of the dosimetry system:

(a) Details of the user’s well-type chamber:
— Name of manufacturer;
— Model;
— Serial number.
(b) Details of the user’s electrometer (if included for calibration):
— Name of manufacturer;
— Model;
— Serial number;
— Measurement range.
(¢) Details of the source holder(s):
— Name of manufacturer;
— Model;
— Serial number/identifier;
— Type of any ancillary equipment (e.g. plastic catheters or steel needles,
if applicable) to be used with the source holder.
(d) Date of calibration.
(e) Details of the brachytherapy source(s) used for calibration:
— Radionuclide;
— Name of manufacturer;
— Model;
— Serial number;
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— RAKR or AKR and date of its measurement;

— Source model correction factors (see Sections 7.2 and 8.3).

(f) A brief description of the calibration procedure and experimental set-up.
Traceability to the PSDL standard and possible application of the source
model correction factor.

(g) Details on the methods and reference conditions used for calibration:

— The date of calibration;

— The standard polarizing voltage and the measurement range applied to
the well-type chamber; the polarity of the central collecting electrode
and guard electrode with respect to the outer electrode;

— The position of the source in the well-type chamber (i.e. sweet spot or
fixed position);

— The reference environmental conditions for:

— Temperature T, (typically 293.15 K or 295.15 K);
— Air pressure P (typically 101.325 kPa);
— Relative humidity RH, (typically 50%).

— The current environmental conditions for temperature 7, air pressure
P and relative humidity RH.

(h) Details on the calibration results:

— Information if a system or component calibration is performed;

— In case of system calibration: calibration coefficient of the well-type
chamber N, (or Ny or Ny ), including the uncertainty
and its conﬁdence level. The electrome“’ter calibration coefficient k.
equals 1 in this circumstance;

— In case of component calibration: the calibration coefficient of
the well-type chamber N, oy (or N or Ny ) and of the
electrometer k.. given separately, 1nclud1ng uncertainties and their

elec
confidence levels.

Sy osm

The measurement unit for Ny - or Ny - is usually Gy h*1 A
whereas the measurement unit for N on, 18 usually Gy h' A m’ The
uncertainty in the calibration coefﬁment will be reported as an expanded
uncertainty with a coverage factor £ = 2 providing a coverage probability of

approximately 95% [142].
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7. DOSIMETRY FORMALISM

The formalism employed for the determination of dosimetry quantities used in
brachytherapy is similar to the formalism used in TRS-398 [40] for the determination
of absorbed dose to water in external beam radiotherapy and in TRS-457 [41] for the
determination of air kerma in diagnostic radiology. The formalism given in this code
of practice is based on standards of air kerma rate (i.e. Sy and K s.r) and is valid
for the radioactive photon-emitting brachytherapy sources considered in this
code of practice. An exception is given by beta sources, where the recommended
calibration quantity is based on absorbed dose to water standards. With regard
to beta sources, the current code of practice applies only to IVBT sources and
excludes ophthalmic applicators and plaques. Since in some countries calibrations
of photon sources based on primary standards in terms of absorbed dose to water
have been established, even if their availability is currently limited [76-78], the
formalism based on Dy, is also provided at the end of this section.

7.1. FORMALISM BASED ON STANDARDS OF REFERENCE AIR
KERMA RATE

The air kerma rate at the time 7, K(¢), produced at the reference point by
the radiation emitted by a reference source model sm,, and in the absence of the
dosimeter, is given by:

KO=Ng,, M, ) 6)

where M, (¢) is the reading of the dosimeter at time ¢ under the reference
conditions used in the standards laboratory and corrected for the influence
quantities, and N K.omy is the calibration coefficient of the dosimeter in terms of
air kerma rate obtained from a standards laboratory under reference conditions
of irradiation. In Eq. (5), K represents a generic air kerma rate term for one
of the dosimetric quantities Sy and K s.x used in this code of practice and
defined previously.

7.1.1. Reference conditions
Reference conditions are given by a set of values of influence quantities

for which the calibration coefficient N Coom is valid without the need for further
corrections. Reference conditions for calibrations in terms of air kerma rate
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that have to be considered when performing dosimetry in brachytherapy are,
for instance, those that involve the ambient temperature, pressure and relative
humidity, the radiation quality emitted by the source, the geometrical arrangement
of the source with respect to the detector, etc. Since measurement conditions
are usually different from conditions in the standards laboratories, additional
corrections need to be considered.

7.1.2. Influence quantities

Reference conditions are defined by a set of values of influence quantities for
which the calibration coefficient is valid without any further correction. Influence
quantities are defined “as quantities not being the subject of the measurement, but yet
influencing the quantity under measurement” [40]. They may be of different nature
as, for example, ambient pressure, temperature, and relative humidity; they may arise
from the dosimetry instrumentation (e.g. leakage, polarization, ion recombination),
or may be quantities related to the radiation quality (e.g. source model).

As many influence quantities as is practicable are kept under control during
the measurement. However, many influence quantities such as air pressure or
dose rates of radioactive sources cannot be controlled. Appropriate correction
factors are thus established to take into account the effect of these influence
quantities. Under the assumption that influence quantities act independently from
each other, a product of correction factors k; can be applied to the raw reading
M () according to:

Msmo (t) = Msmo ,raw (I)Hiki (6)

where each k; is related to the ith influence quantity only and M, (&) is the
corrected measurement.

In analogy to TRS-398 [40], a departure from the reference radiation
quality used to calibrate the dosimetric system was treated as an influence
quantity and not included among the correction factors k; above. Measurements
with a source model sm other than the source model used for calibration, sm,, are
therefore treated explicitly by the source model correction factor K g s, > which
is described in detail below.

7.2. SOURCE MODEL CORRECTION FACTOR

A calibration source of one radionuclide and encapsulation may generate
a well-type chamber response that differs from that of another source with the
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same source strength but of different model, even if the radionuclide is the same
[141, 143, 144]. Higher discrepancies are expected if different radionuclides
are selected. Source model correction factors (ksm,smo) are therefore introduced
to correct for differences between the radioactive source model sm,, used at the
calibration laboratory and the actual source model sm used by the end user. They
also depend on the type, model, and year of manufacture of the well-type chamber.

When the well-type chamber is used with a source model sm that differs
from the one used for calibration, sm,, the source strength of a photon emitting
source sm at the time of measurement, ¢, can be determined as:

K@O)=Ng M, (L - (7)

where N Koo, is the calibration coefficient for the well-type chamber obtained
with the reference source model sm,,. M, () is the reading of the dosimeter at
the time ¢, performed with a source model sm and corrected for all influence
quantities, and £, , is the source model correction factor that takes into account
differences between sm and sm,,. Values of ksm,S.mOtO be used in Eq. (7) apply only
to air kerma rate measurements. As in Eq. (5), K(¢) represents a generic air kerma
rate term at the time ¢, for one of the reference dosimetric quantities S and K5
used in this code of practice.

In some specific cases, ksm,smois equal to the ‘source geometry factor’ (k,)
defined recently in the Institute of Physics and Engineering in Medicine (IPEM)
Code of Practice for HDR brachytherapy [141], but also extends the definition
to sources different from '’Ir. In Schiiller et al. (2015) [145] the chamber type-
specific correction factor was named ‘radiation quality correction factor” k, and
was introduced to enable the measurement of the RAKR of an HDR *’Co source
by means of a well-type chamber calibrated with an HDR '*’Ir source. However,
at this stage this code of practice does not recommend corrections between
different radionuclides, as consensus data are not available to indicate that such a
conversion can be achieved with the necessary accuracy.

Ideally, the well-type chamber is advised to be calibrated with the same
source model that is used in the clinic for treatment. Since in that case sm would
be equal to smy, kg, ,, would be unity. However, it is reasonable that national
dosimetric standards are usually based on one single source model [144], whereas
hospitals of the same country may use different source models in their clinical
practice. If no consensus data are available and sm and sm, are constituted by the
same radionuclide but different models, £, , should be taken to be unity until
consensus data become available. In this case, the user should apply an additional
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uncertainty to the calibration coefficient* of the well-type chamber if it is used for
the measurement of source types that are different from sm,,.

7.3. SOURCE DECAY CORRECTION FACTOR

As the radionuclide source strength changes with time due to radioactive
decay, it is necessary to correct the source strength at the time of measurement
fheas to the source strength at some reference time ¢ This happens when
comparing the measured source strength to the value listed on the calibration
certificate (where ¢, generally occurs before ¢,.,.) or when the source strength is
used for a patient dosimetry calculation (where ¢, occurs after ¢_,.,). The source

meas.
decay correction factor k. is defined as:

In2 £ s 1
(tmcas 7trcf ){ n ] meas " ref
=2

k E 4P (8)

dec =€
where ¢, is the radionuclide half-life. Note that £k, equals unity when
Lot = lneass Kgoo 1S applied to correct the source strength at the time of
measurement according to:

K(t o) = K70 K goc 9)

ref meas

Taking into account Eq. (9), Eq. (7) becomes:
K(tref) = N[( sm Msm (tmeas )kdecksm sm (1 0)
sSmg »8M

Recommended half-lives for some of the radionuclides used in
brachytherapy are provided in Table 3. Care should be taken with the selection
of the same temporal units for the time difference and the half-life. For unit
conversion of the half-life from years (y) to days (d), the factor 365.242198 d/y
that takes into account leap years needs to be considered. Users are also
recommended to ensure that the same time standard is chosen for both ¢, and
t accounting for differing time zone and summer time corrections as well as

meas®

for potentially differing formats for expressing date and time [104].

4 Note that it is not possible to give any general indication on the size of this extra
uncertainty because of the variety of different brachytherapy sources which are currently
available or might become available in the future.
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7.4. FORMALISM BASED ON STANDARDS OF ABSORBED DOSE
RATE TO WATER
The absorbed dose rate to water at the time £, Dy, ¢ (#,,; ) produced at the
reference point P(r,, 0,) by the radiation emitted by a reference source model
sm, which is calibrated to absorbed dose to water and in the absence of the
dosimeter, is given by:

DW R (tref) NDW sy Msm (lmeas )kdeckDW Lsm,sm) (1 1)

where M, is the dosimeter reading under the reference conditions used in the
standards laboratory, N oy is the calibration coefficient of the dosimeter in
terms of absorbed dose rate to water, obtained from a standards laboratory under
reference conditions of irradiation, and k, o, is the source model correction
factor specific for the N o, based forma%sm

All the con51derat10ns with regard to reference conditions, influence
quantities, source decay and cross-calibrations provided in the Sections 7.1, 7.3
and 7.7 apply in the same way to the N m based formalism. Equation (6) has
to be applied to correct for influence quantmes other than the radiation quality.
Due to the lack of available data, the use of any source model correction factor

k. is not recommended at this stage.

Dy, ,sm,smy

7.5. DETERMINATION OF THE REFERENCE SOURCE STRENGTH

For reference dosimetry of a brachytherapy source, it is assumed that a
well-type chamber with known calibration coefficient traceable to a primary
standard is available. The calibration coefficient is provided under reference
conditions for a reference source model sm,,.

According to Eq. (10), which is valid for all the radioactive brachytherapy
sources to which this code of practice applies, the RAKR K (#,) and the
AKS Sy (t,;) of the actual radioactive source sm at the reference time . can be
determined according to:

KE,R (tref) = NKo‘,Rvsmo Msm (tmeas )kdecksm,sm0 (12)

and
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SK (tref) = NSK,smOMsm (tmeas )kdecksm,xm0 (1 3)

respectively. M, (¢,...s) 1 the reading of the dosimeter at the time ¢, ,, corrected
for the source decay k,.. and influence quantities excluding the source model
correction factor k, ., which is treated separately. N, o and N S, om, Ar€
the RAKR and AKS calibration coefficients, respectively. o

In case the N . based formalism is used, according to Eq. (11), the
absorbed dose rate to water at the reference point P(r,, 6,) given by the actual
radioactive source sm at the reference time ¢, can be determined as:

dec

DW,R (tref) = ND'W,smOMsm (tmeas )kdeckbw,sm,smo (14)

where N, . is the calibration coefficient of the dosimeter in terms of absorbed
dose rate to water obtained from a standards laboratory under reference conditions
of irradiation and M,,, is the reading of the dosimeter at the time ¢, corrected

for the source decay k., the source model & and the influence quantities.
C W ST, Sy

7.6. CALIBRATION OF THE WELL-TYPE CHAMBER DOSIMETRY
SYSTEM

For the calibration of the user well-type chamber dosimetry system at the
dosimetry laboratory, it is assumed that the value of the reference dosimetry
quantity for a source model sm (i.e. K .Sy or Dy, ), measured under reference
conditions, is known. The source strength of sm, can be measured at the SSDL
level with a calibrated well-type chamber (traceable to a primary standard)
according to the principles provided in Section 7.5 and the procedure provided in
Section 8. Otherwise, some PSDLs also offer a brachytherapy source calibration
service. Sources are calibrated against the PSDL’s primary standard, and the
traceably calibrated sources can then be shipped to SSDLs for the subsequent
calibration of either the SSDLs’ own well-type chambers or the end users’
well-type chambers.

According to Eq. (12) and Eq. (13), the RAKR calibration coefficient

N and the AKS calibration coefficient Ng  can be determined with:
5. RSy K>S

_ K&,R (tref)

. = 1
K5 rosmqg Msm{, (t k ( 5)

meas ) dec

and
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Nsymy = M Sl((t(tmf;k (16)
smy \" meas /™ dec
respectively. Ky p (,¢) and Sy (7, ) are the known reference dosimetry quantities
RAKR and AKS at the reference time ¢, for the source model sm,, respectively.
M, (“meas ) is the reading of the dosimeter at the time 7, corrected for the
influence quantities (see Section 7.1.2) in order to fit the reference conditions
for which the calibration coefficient will be valid. To get the hypothetical
readings that would result at the reference time ¢, the source decay correction
factor is applied.
If the N Dy sy based formalism is used, according to Eq. (11) and in
analogy to Eq. (15) and Eq. (16), the absorbed dose rate to water calibration
coefficient N D5y is given by:

v, = Pwalw) (17)

Dy, ,sm
W 0 Msmo (tmeas )kdec

where Dy, g (7, ) is the known reference absorbed dose to water at the reference

time ¢, for the source model sm,,.

7.7. CROSS-CALIBRATION OF THE WELL-TYPE CHAMBER
DOSIMETRY SYSTEMS

Traceability of reference dosimetry is obtained through the use of reference
ionization chambers calibrated on a regular basis at a standards laboratory. While
it is not desirable, or not practicable, to use a reference chamber in all clinical
situations and for all routine measurements, any substitute field chamber that is
used for this purpose is also required to have a calibration traceable to a national
standard. This is achieved in the clinic through a process called cross-calibration,
in which the calibration coefficient of the reference chamber for a specific source
type is used to determine the required calibration coefficient of the field chamber.
Because of the energy dependence of well-type chamber calibration coefficients,
the same source type (i.e. same radionuclide) as used in the calibration of the
reference instrument has to be used in the cross-calibration procedure. Depending
on the particular situation, the same source holder may be used for both chambers,
or a chamber-specific source holder used for each chamber to allow complete
separation of apparatus. In either case, the source holder as used in the primary
calibration has to be used for the reference chamber. Any alternative approach
using, for example, a different source type (i.e. different radionuclide) combined
with interpolation and/or calculated correction factors is not permitted.
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The reference chamber has a calibration coefficient N ref (le. Ng ref o
or N f;’f oy ) for source model sm,,. If the user of the traceably cahbrated chamber
(elther an SSDL or a hospital) has access to the same source model sm,, as used
for calibration, this source model should also be used for the cross-calibration
of the field chamber. If the user has only access to a different source model
sm, the calibration coefficient of the reference chamber has to be multiplied by
an appropriate source model correction factor (unity if sm = sm, in Eqs (18),
(19) and (20)).

Source model sm is positioned in the well-type chamber using the same
source holder as for when the calibration was obtained, at the same dwell position
within the well. A measurement is obtained, M™" , (current or charge for a fixed
time), corrected for influence quantities. The same measurement is then obtained
for the field chamber, yielding M also correcting for influence quantities.
Both measurements are recommended to refer to the same time ¢, .. The source
decay correction factor will eventually be used to correct the reading from ¢, to
t..- Depending on the apparatus used (e.g. same or different electrometer, same or
different source holder) additional checks and/or warm-up times may be required.
Combining the two measurements with the known calibration coefficient of the

reference chamber gives:

f
Nﬁeld — Msrsz (tref) Nr_ef k (1 8)
Ks g osm Mﬁeld( ) K5 posmy sm.smg
sm ef

f
field _ M;fn (tref) Nref (19)
Sy ,sm M;‘:;ld (tref) Sy ,smy" sm,sm,

for N, and N§T calibration coefficients, respectively.
Tile same considerations apply to calibration coefficients based on absorbed

dose to water standards, leading to the equation:

M ;renf tref
N oo = M‘T((tf)) T (20)
The calibration coefficient obtained for the field chamber
(ie. N9 NG, oo N ﬁj" ) is applicable under the same reference conditions
that ex1sted durmg cross-calibration of the field chamber against the reference
chamber, which, in turn, will be the same reference conditions that were used for
the calibration of the reference chamber to derive its calibration coefficient at the

calibration laboratory (i.e. N Nt o NI

K gosmy’ Sy »smyg Dy, ,smy”"
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8. CODE OF PRACTICE FOR WELL-TYPE
CHAMBER CALIBRATION AND SOURCE
STRENGTH MEASUREMENT

The calibration chain for photon-emitting brachytherapy sources is based
on the use of similar equipment at each stage, from dissemination at the PSDL,
through calibration at the SSDL to end use in a hospital. Therefore, similar
measurement procedures are repeated at each stage. However, the procedures
need to be harmonized to minimize uncertainties within the calibration chain.

This section is dedicated to providing guidance on the correct measurement
procedure to obtain the optimal uncertainty in the calibration of well-type
chamber dosimetry systems performed by standards laboratories and in the
measurement of the strength of brachytherapy sources. A common measurement
procedure is laid out below that can be used by SSDLs, clinical medical physicists
and manufacturers with various photon-emitting radioactive sources — both high
energy and low energy, HDR and LDR — and beta-emitting [IVBT sources. Some
of the best practice recommendations presented below are not unique to well-type
chamber measurements and could apply to all ionization chamber measurements.

Since calibration of well-type chamber dosimetry systems and source
strength measurement both rely on the measurement of the ionization current
generated by a brachytherapy source inserted in the well-type chamber and
corrected for the influence quantities, a common procedure is given below.

8.1. EXPERIMENTAL SET-UP AND EQUIPMENT PREPARATION

It is assumed that the source measurements are carried out in a room
suitably shielded from any external radiation source that could significantly
impact the calibration of the brachytherapy source in question. The well-type
chamber and electrometer employed are advised to be reference class instruments
satisfying the requirements given in Section 4.2. All HDR source measurements
should be performed in a minimum scatter environment [118], with the chamber
at a minimum distance of 1 m from any wall or floor [141]. For measurements of
low energy LDR sources, the chamber distance from the wall or floor can be less
than 1 m. However, the user is always advised to ensure that the contribution to
the detector reading from scatter is less than 0.1% of the measured signal [146].
A low Z table/support should be used for the well-type chamber (e.g. plastic
or wood <15 mm thickness) or on a thick yet stable foam support. In addition,
any significant source of scatter within 1 m of the well-type chamber needs to
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be avoided. The length of the transfer tube will determine how far away the
afterloader can be positioned from the chamber. The room is supposed to be
air-conditioned for constancy of temperature and relative humidity (RH). Any
variation of the air temperature is advised to be less than 0.5°C per hour and
needs to be documented. Relative humidity is advised to be in the range 20% to
70%, where lower levels cause concern for static build up and higher levels cause
concern for condensation.

It is important that the chamber and relevant source holders reach
equilibrium with the ambient conditions before beginning calibration; at least
30 minutes is usually needed. Since significantly longer times can, however,
be required, it is recommended to let the well-type chamber settle in the room
overnight. ESTRO booklet No. 8 [118] reports that it takes around 400 minutes
to eliminate a 4°C temperature difference between the ambient temperature and
the temperature inside a Standard Imaging HDR 1000 Plus well-type chamber,
for instance. If a measurement takes place at a third-party site, before proceeding
with the measurements, the well-type chamber and electrometer need to be given
enough time to equilibrate after transport.

The associated electrometer needs also to be switched on some time before
measurements, to allow adequate stabilization. Although some devices achieve
stabilization within minutes, it is recommended to wait at least 30 minutes
prior to any measurements. The voltage gradient will determine the polarity
of the charge being collected by the electrometer and it is important to ensure
that the same polarity is used as stated in the calibration certificate. After
the warm-up period, the electrometer should be zeroed as described in the
manufacturer’s recommendation and a leakage current measurement should be
performed afterwards.

Air density and relative humidity of the sensitive volume of the well-type
chamber needs to be measured and systematically checked for changes during
the measurement procedure. In general, it is not practicable, nor desirable, to
place a sensor inside the sensitive volume of the chamber, and therefore some
measurement analogue is required. It is not recommended to simply monitor
the air temperature of the room within which the chamber is placed. Placing a
temperature sensing device either inside the well without the source holder being
present, or in close proximity to the outside of the well-type chamber housing,
will result in a good estimate of the air temperature inside the sensitive volume.
A temperature sensor can be taped to the outside of the chamber housing to
achieve stable temperature readings. The air pressure and relative humidity can
be monitored within the room used for the measurement.

Before data are acquired, it is also important to ensure that the measurement
system has stabilized once a source is inserted. It is important to establish the
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behaviour during stabilization of a well-type chamber for each type of source/seed
for which the chamber will be used (i.e. HDR, LDR, IVBT).

8.2. WELL-TYPE CHAMBER MEASUREMENTS

The general formalism for source strength determination and for the
calibration of the well-type chamber dosimetry system is given in Section 7.
Using the N o based formalism, Eq. (14) and Eq. (17) are used.

The RAKR of a radioactive source model sm at the reference time ¢, in
the absence of the chamber, is given by:

K5,R (trcf) = NKE,R’Sm(] Msm (tmcas )kdccksm,sm0 (2 1)

where N, oy is the RAKR calibration coefficient for the reference radioactive
source mocfel smy and M, (... is the reading of the dosimeter at the time ¢,
with the source at the sweet spot of the well-type chamber, corrected for the
influence quantities and excluding the source model correction factor £, oy
which is treated separately, and k,, is the correction factor for source decay
The AKS, for a source model sm at the reference time ¢, in the absence of the

chamber, is given by:
SK (trcf) = ]\[SK L1 Msm (tmcas )kdccksm,smo (22)

where N Sy oy is the AKS calibration coefficient for the reference radioactive
source model smy and My, (fcos); kg 5m, @0 Ky, are the same as described above.
For well-type chamber calibrations, the RAKR calibration coefficient can

be determined according to:

KS R (tref)
. = o} \ret)] 23
Koo Msml, (tmeas )kdec ( )

where K g (#,) is the known RAKR for the source model sm, at the reference
time £, M., (fe) is the reading of the dosimeter at the time f,,, with the
source at the sweet spot of the well-type chamber, corrected for the influence

quantities (see Section 7.1.2), and k,, corrects for the source decay in the
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time range between ¢

meas

determined according to:

and 7. The AKS calibration coefficient can be

_ SK (tref)
NSK,smO - Msm0 (Z k (24)

meas ) dec

dec

where Sy is the known AKS for the source model sm, with M, (7,,,) and k
being the same as described above.

Practical considerations for sweet spot determination, electrometer
measurements and correction for influence quantities are given below in Sections
8.2.1, 8.2.2, 8.2.3 and 8.3, respectively. For completeness, some information
on sweet spot determination and electrometer measurements is given also for
IVBT sources. However, for IVBT source dosimetry, other guidelines can be
consulted [26].

8.2.1. Sweet spot determination

The “calibration point of a well-type chamber is the point at which the
centre of the source is positioned during the calibration procedure” [36]. For
the highest accuracy of source strength determination, the calibration point is
advised to be the position within the chamber where the signal is maximized
(the sweet spot, see Section 4.2.1). Moreover, the source is expected to entirely
fit within the sweet spot length of the chamber. Since the source position has a
significant impact on the measurement, it is recommended to record the location
of the calibration point on measurement worksheets.

To determine the sweet spot using an HDR source, it can be stepped
through a series of vertical positions within the well of the chamber, either in
the forward or backward direction depending on the stepper motor drive used by
the afterloader. Dwell positions are not supposed to be separated by more than
2.5 mm from each other to ensure a reasonable regression of the response curve.
The chosen limits for these measurement positions are advised to be at least at
10 mm distal and proximal to the expected sweet spot. Additional measurement
positions with a broader separation, taken over a wider vertical range, can be
included. Examples of relative well-type chamber responses for the reference-
class well-type chambers listed in Table 5 are provided in Fig. 6. Other typical
sweet spot determination results are shown in Refs [110, 141, 144, 145, 147].

It is important to note that the sweet spot location value depends on the
adopted reference system used to define the source position inside the well-type
chamber. It can, for instance, be measured relative to the bottom of the well,
the bottom of the source holder, the first source dwell position inside the source
holder, etc. For well-type chambers where a flexible plastic catheter or steel
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needle needs to be pushed into a universal source holder, small variations in
the sweet spot position in terms of the dwell position displayed on the control
unit of the afterloader can be expected between different measurement set-ups.
The actual sweet spot of the well-type chamber would still be the same, but the
corresponding displayed dwell position might differ depending on the length
of the plastic catheter or how deep the catheter or steel needle is inserted into
the source holder. For well-type chambers where a transfer tube with a given
length can be connected to a fixed adapter at the top of the source holder this
is less of an issue, and variations in the displayed dwell positions are typically
well within £1 mm between different measurement set-ups. However, even if
the same transfer tube is used for consecutive measurements of the sweet spot,
the displayed equivalent dwell position might still vary, for instance if the source
drive mechanism needs to be adjusted during a planned maintenance of an
afterloader. Best practice is therefore to perform a sweet spot measurement every
time a source strength measurement is carried out.

An analytical procedure to locate the sweet spot can be provided for
well-type chambers PTW 33005 Sourcecheck®”, Standard Imaging HDR 1000
Plus and PTW 33004 (i.e. well-type chambers that show an increase and a
decrease of the ionization current as a function of the source dwell position that
can be approximated with a quadratic polynomial, if the source is positioned up
to a few centimetres around the sweet spot). If the dwell position x, (according to
the adopted reference system) and the corresponding measured current /(x,) are
annotated for the source up to 20 mm distal and proximal to the expected sweet
spot, and the data is fitted with the quadratic polynomial equation:

Ix)=ax’*+bx+c (25)

The sweet spot x,,,, according to the adopted reference system can then
be calculated as:

S (26)

xmax 2a

For the Standard Imaging IVB 1000 well-type chamber, Eq. (25) has not
been used for determining the sweet spot location, since the well-type chamber
axial response cannot be approximated as a quadratic polynomial. The sweet
spot for this chamber is defined as the first local maximum of the well-type
chamber response curve, as measured from the chamber entrance [141]. In
Fig. 6, this is equivalent to the local maximum at the source dwell position of
approximately 85 mm.
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FIG. 6. Example of relative response curves, plotted with respect to the source
dwell position (according to the adopted reference system) for an HDR "’Ir source,
for the well-type chambers (a) Standard Imaging 1000 Plus, PTW 33004
and PTW 33005 and (b) Standard Imaging IVB 1000.
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In general, LDR source holders have a fixed geometry that is designed
to position the radioactive seed at the calibration location. For those source
holders that are not symmetric about their central long axis, it is advised to keep
their rotational orientation within the well-type chamber constant. Whereas it
is assumed that the chamber response will be independent of which end of the
source is inserted, sweet spot determination is required only for source holders
that may allow for height modifications.

8.2.2. Measurement techniques for current

Uncorrected measurements with the electrometer M, .. can be performed
in two different ways:

(a) Measuring ionization current once the source has reached the point of
measurement and the displayed ionization current has stabilized.

(b) Collecting the ionization charge for a specific time interval, starting and
stopping it with the source stationary at the well-type chamber sweet spot
(no source transit dose). Current is then obtained dividing the collected
charge by the acquisition time.

In both cases, measurements with the source at the sweet spot of the
well-type chamber should be performed. To avoid resolution errors due to the
electrometer, it will likely be necessary to adjust the measurement time for charge
measurements, depending on the source strength. Measurement time might be
restricted due to restrictions imposed by the afterloader, with afterloaders often
not allowing dwell times larger than 999 s. Measurements are always supposed to
be performed with an electrometer setting that provides high resolution.

At both SSDLs and hospitals with photon emitting HDR sources, at least
three source insertions to the chamber sweet spot will be made. For each source
transfer, it is advised to perform a minimum of five measurements that are neither
monotonically increasing nor decreasing (within 0.1%). The relative standard
deviation of the mean is advised to be less than 0.1%, and the average of two
sets of readings is advised to be within 0.2%. IPEM [141] reports that a 0.02%
standard deviation is achievable for readings within a single source transfer into
the chamber and therefore noted variations outside the 0.2% limits are advised to
be investigated.

For photon emitting LDR source calibrations at the SSDL, at least three
source insertions to the fixed measuring position will be made. At least three
measurements of a single LDR seed are performed to check measurement
reproducibility. After marking an end of the source, sensitivity of results to source
orientation will be determined (typically less than a 0.4% difference). Sequential
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measurements in the same orientation are advised to be neither monotonically
increasing nor decreasing beyond 0.1%. In the clinical setting, LDR source
measurements do not require repeated source insertions if multiple sources from
the same manufacturing lot are separately measured. At least three measurements
of each seed are performed to check measurement reproducibility, where
sequential measurements are advised to be neither monotonically increasing nor
decreasing beyond 0.2%.

For IVBT and beta-emitting sources, several measurements will be
performed at different source orientations around the chamber cylindrical axis
with the obtained results being combined to produce an average value. Since
the polarity effect can exceed 0.5% for beta-emitting sources, the applied
calibration coefficient is only valid for the well-type chamber polarity stated in
the calibration certificate.

8.2.3. Correction for influence quantities

The calibration coefficients for a well-type chamber are only valid under
the reference conditions which apply to the calibration. Apart from the source
model correction factor, which is treated explicitly in Eq. (12) and Eq. (13), there
are a number of other correction factors that need to be applied to the raw reading
obtained directly from the electrometer A, to take into account any departure

SMm, Taw
from the reference calibration conditions:

M., =M, kTP kalt kleak k

sm sm, raw elec kp ks (27)

ol

A brief discussion of each single influence quantity is provided below.
8.2.3.1.  Air density correction factor

For high energy photon sources, the standard relation for the air density
correction factor &k, given for EBRT can be used:

(273.15+T) P,

0
7 (273.154T,) P (28)
where P, and T, are the reference pressure and temperature, respectively, and
P and T are the actual pressure and temperature that are recorded at the time
of measurement. Application of this relation is only correct if the sensitive air
volume of the well-type chamber is vented. It is generally sufficient to check that
the vent hole on the side of the chamber is not blocked.

60



In general, the biggest error in applying k,, comes from using the incorrect
reference temperature, since the used P, is typically 101.325 kPa. The majority
of calibration laboratories use T, = 20°C, but several countries in North America
use T, = 22°C. Using the wrong reference temperature results in an error of
approximately 0.7% for a temperature difference of 2°C.

8.2.3.2.  Altitude correction factor

Extra care has to be taken for low energy brachytherapy sources, where
Eq. (28) does not fully compensate for significant decreases in ambient pressure
taking place at high altitude [148—154]. A modified air density correction factor
k7p 1s necessary to account for this effect according to:

K = ke ppk (29)

alti
where k,; is an additional altitude correction factor to be included at high
altitudes. The magnitude of this correction can be significant, especially for
the lowest energy '“Pd photon sources. The effect is device dependent since it
depends on the materials and on the design of the air-communicating well-type
chambers. On a side note, this phenomenon also applies for low energy X-rays
for ionization thimble chambers [155]. Different approaches were described
in the literature and some of the obtained results are given below. Users are
encouraged to investigate and verify on-site the entity of the correction needed
using a calibrated source [88].
Griftin et al. [148] proposed the following altitude correction:

kg, =hP" (30)

alti

where P is the given pressure [148] and %, and £, are two parameters to fit the
data for the Standard Imaging HDR 1000 Plus or the Standard Imaging IVB 1000
well-type chambers for '®*Pd, '>1, and '*'Cs low energy sources. The combined
relative uncertainty for the altitude correction factor is 0.4% [148]. Values for
h, and h, to be used in Eq. (30) with some seeds, for pressures P in kPa, are
given in Table 7.
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TABLE 7. PARAMETERS FOR THE ALTITUDE CORRECTION FACTOR
ka1 FOR PRESSURES IN kPa® FOR THE STANDARD IMAGING HDR
1000 PLUS AND IVB 1000 WELL-TYPE CHAMBERS [148, 152, 154]

h, h,
Pd-103 IsoAid Advantage, TheraSeed 200 0.075 0.562
Pd-103 CivaDot 0.073 0.5665
I-125 selectSeed, Theragenics AgX100 0.1095 0.479
1-125 Amersham 6711 (silver rod) 0.1225 0.455
1-125 SourceTech STM 1251 (ceramic) 0.1365 0.431
Cs-131 Caesium Blu (with HDR 1000 Plus) 0.1388 0.4275
Cs-131 Caesium Blu (with IVB 1000) 0.1764 0.3748

*  Parameters adapted from [148, 152, 154], since (differently to this table) they were
originally given for pressures measured in mmHg; the most recent paper by Lambeck
[154] gives data in terms of the SI unit (kPa).

Results for the PTW 33005 well-type chamber were provided by Torres
del Rio et al. [151] and the following altitude correction factor was proposed for
the '%°I seeds:

ko =[ (k1) +1] (31)

with #; = —0.476 + 0.003 (k = 1). With the same well-type chamber and
103pd seeds, an altitude correction was proposed if available for the specific
chamber model [153].

The PTW 33004 well-type chamber for HDR sources is not designed for
low energy brachytherapy sources. No data on altitude correction factors are
therefore available for this chamber.

8.2.3.3.  Relative humidity correction

If measurements and calibrations are performed in an adequate RH range,
no humidity correction factor needs to be applied to the ionization current
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measured with the well-type chamber. The humidity correction is already
applied at the PSDL where air kerma determinations using the primary standard
are corrected from normal laboratory conditions (around 50% RH) to reference
conditions (dry air, 0% RH).

8.2.3.4. Leakage currents correction factor

Leakage is defined as the signal measured in the absence of a source within
the well of the ionization chamber. It can be verified by measuring the signal
(current or charge) after having applied the appropriate polarizing voltage for at
least 10 minutes. At the SSDL, it is advised to apply a leakage currents correction
factor k., or at least to estimate related uncertainties. Whereas in the hospital, if
the leakage signal is below 0.1%, then it can be ignored.

8.2.3.5.  Electrometer calibration coefficient

If the electrometer is calibrated separately from the ionization chamber, the
electrometer calibration coefficient k., corrects the electrometer reading to true
units of charge/current. The electrometer calibration coefficient is applicable to
the range being used on the electrometer. It equals one if the electrometer and
ionization chamber are calibrated as a unit, since the electrometer impact is
included in the calibration coefficient of the system.

8.2.3.6.  Polarity correction factor

The standard practice in PSDLs is to only calibrate well-type chambers at
a single polarity. Therefore, no polarity correction is required at the SSDL or
clinical setting, as long as the same polarity is applied. Some care is required to
ensure that this is the case, and calibration certificates are supposed to be checked
to make sure the polarity at calibration is clearly stated. If in doubt, the calibration
laboratory can be contacted to get advice on how to set the correct polarizing
voltage and the voltage gradient that was used for their well-type chamber. For
photon emitting sources, the polarity correction is generally small, but it can be
larger for beta-emitting sources and therefore it is important to not ignore the
potential for a significant polarity effect.

If the electrometer allows polarity selection and the user would like to
determine the polarity correction factor ,,, measurements need to be performed
with the source dwelling at the sweet spot, using two opposite polarities, for the
same integration time (at least 60 s). Before performing new measurements, it
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is advised to wait at least 10 minutes after each polarizing voltage change. For
polarity effect evaluation, the following equation is used:

[M,[+]M|
- 32

pOl 2| Ml ( )
where M, and M_are the electrometer readings obtained at positive and negative
polarity, respectively, and M is the electrometer reading obtained with the polarity
that is used routinely [40].

8.2.3.7.  lon recombination correction factor

Brachytherapy sources produce a continuous radiation beam.
Recombination is usually small for HDR sources (i.e. <0.1%). For ideal
conditions (general recombination only), the ion recombination correction factor
k, can be determined with the two-voltage technique [36, 106]:

-1

4 M

k, = ———1] (33)
[3 3M,

where M, is the electrometer reading at the standard operating voltage for the
well-type chamber, V|, and M, is the electrometer reading at V,= V,/2. These are
generally the only two voltages used, in comparison to k, measurements for EBRT
ionization chambers, and for these settings the IPEM Working Group [141] report
states, “For a new '*Ir source with an initial activity of 370 GBq, k, for the PTW
33004/Nucletron SDS well-type chamber is typically around 1.002, whereas for
the Standard Imaging well-type chambers typical values are around 1.001.”

Schiiller et al. (2015) [145] have reported that Eq. (33) does in principle not
apply to PTW Tx33004 well-type chambers of the type x =W or N, where a linear
function of 1/ versus 1/V instead of 1/V? has been observed. The reason for this
could be the presence of an undesired collecting volume for this type of chamber
which was discovered in a previous study [115]. For the highest accuracy, initial
recombination, ion diffusion and the impact of charge screening can be taken into
account [156], but these are typically, in total, less than 0.2%.

8.3. SOURCE MODEL CORRECTION FOR AIR KERMA RATE
MEASUREMENTS

For HDR and PDR brachytherapy sources, PSDLs and SSDLs are usually
limited to the use of specific source models. HDR/PDR brachytherapy sources
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are handled with remote controlled afterloaders, and calibration laboratories are
typically equipped only with one afterloader, which can only be fitted with a
specific source model.

According to the formalism given in Section 7, the calibration coefficient
includes as a subscript the source model sm, used for calibration. This choice
points out to the end user the importance of being aware of which type of
radiation source was used by the calibration laboratory for calibrating the
well-type chamber, compared with the type of source the end user is working
with. It is advised to also record this information on the well-type chamber
calibration certificate (see Section 6.3).

If the brachytherapy source model used by the end user is different to the
model of the source used at the calibration laboratory, the well-type chamber
calibration coefficient needs to be multiplied by a source model correction factor,
K sm, » to account for any change of the well-type chamber response because
of different source configurations. For the Standard Imaging HDR 1000 Plus
well-type chamber with the HDR Iridium Source Holder model 70010, source
model correction factors &, , have been reported for various HDR and PDR
192Ir source models in two independent studies, a Monte Carlo study performed
at the National Physical Laboratory (NPL, UK) [157] and measurements of
L performed at UWADCL [158, 159]. The Monte Carlo method provided
a more direct evaluation of the correction factors (with a lower uncertainty than
the measured corrections), yet they were supported in magnitude and direction
with the measured correction factors. Data were in good agreement within the
stated expanded uncertainties (k = 2). The Monte Carlo calculated source model
correction factors given in Table 8 could form the basis for a future consensus
data set. The NPL data set shown in the Shipley et al. 2015 study [157] does not
include source model correction factors for the Varian GammaMed Plus PDR
21r source. The correction factors for the PDR source were calculated after the
publication of the study using the same well-type chamber and source holder
model for the Monte Carlo simulation, and also the same formalism as mentioned
in [157]. The source model correction factors in Table 8 have an expanded
uncertainty of 0.4% (k = 2).

Since L depends on four parameters: (1) the type of source used at
the calibration laboratory, (2) the type of source measured by the end user, (3)
the type of well-type chamber and (4) the type of source holder, it should be
noted that the &, , factors listed in Table 8 are only applicable for use with a
Standard Imaging HDR 1000 Plus well-type chamber with HDR Iridium Source
Holder model 70010. The correction factors are not transferable to different
types of well-type chambers and source holders. For other well-type chambers,
specific source models and holders, these factors could be calculated based
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on the formalism in [157]. Monte Carlo techniques validated by experimental
measurements are expected to be used.

If the calibration source model is the same as that of the source to be
measured, or if no consensus data are available (but sources are constituted by
the same radionuclide), the source model correction factor is taken to be unity
(ie. kg, g, = 1). In the latter case, an additional uncertainty component has
to be added. For currently available sources, the estimation of this additional
uncertainty component could be based on the maximum deviation of the source
model correction factors for the HDR sources listed in Table 8 (i.e. approximately
2% (k = 1)). Strictly speaking, the 2% value is a ‘deviation’ rather than an
‘uncertainty’. However, for this not ideal measurement scenario, the additional
uncertainty component in the source model correction factor is advised to be
included in the uncertainty budget.

The GammaMed Plus PDR source incorporates an active core of length
0.5 mm, compared to the much longer HDR sources (between 3.5 and 5 mm),
which explains the larger deviation from unity of the source model correction
factors for the PDR source in Table 8. In this case, the additional uncertainty
component for L might be up to 5% if the well-type chamber was calibrated
with one of the HDR sources in Table 8 and then used to measure the source
strength of the PDR source or vice versa. As before, the 5% value is based on a
‘deviation’ rather than an ‘uncertainty’.

Data of chamber type-specific radiation quality correction factors, k,, were
provided by Schiiller et al. (2015) to correct for differences in the geometry and
the radionuclide between '*’Ir and °Co radioactive sources [145]. The studied
well-type chambers were the Standard Imaging HDR 1000 Plus and the PTW
33004/Nucletron SDS chambers (with serial numbers > 315 for PTW 33004 and
> 548 for Nucletron SDS). At this stage, this code of practice does not recommend
the use of any factors that correct between calibrations of different radionuclides.

Two examples are given to illustrate the use of Table 8.

Example 1: If a calibration laboratory uses an Elekta HDR '**Ir Flexisource
(smy) to calibrate a Standard Imaging HDR 1000 Plus well-type chamber with a
HDR '’Ir source holder model 70010, and the user of the calibrated well-type
chamber needs to measure the source strength of a different source model (sm), for
instance a Varian VariSource model VS2000, the well-type chamber calibration
coefficient shown on the calibration certificate needs to be multiplied by the
source model correction factor 0.987 with a standard uncertainty of 0.2% (k= 1).

Example 2: On the other hand, if a calibration laboratory uses a Varian
VariSource model VS2000 (sm,) to calibrate a Standard Imaging HDR 1000 Plus
well-type chamber with a HDR Ir source holder model 70010, and the user
of the calibrated well-type chamber needs to measure the source strength of a
different source model (sm), for instance an Elekta HDR '?Ir Flexisource, the
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well-type chamber calibration coefficient shown on the calibration certificate
needs to be multiplied by the source model correction factor 1.013 with a standard
uncertainty of 0.2% (k= 1).

8.4. SHORT TERM REPEATIBILITY CHECKS OF THE WELL-TYPE
CHAMBER INSTRUMENTATION

Monitoring of the stabilization behaviour of the well-type chamber
dosimetry system can also form part of the regular QA procedures, as any change
in this behaviour would indicate a potential operational problem. The short term
stabilization behaviour can be validated by acquiring data immediately when a
source is inserted inside the chamber and continuing until a stable response is
obtained. Temperature of the well-type chamber and the air pressure have also to
be monitored continuously and %, applied to the raw reading.

To establish baseline data for parameters such as short term repeatability, a
larger number of measurements are carried out. The relative standard deviation
of these readings with respect to the mean reading is verified and eventually
investigated if outside the defined limits. It is also useful to vary the acquisition
time of measurements to investigate the linearity of the electrometer.

8.5. LONG TERM STABILITY CHECKS OF THE WELL-TYPE
CHAMBER INSTRUMENTATION

A check of the well-type chamber stability with time ensures that the
system is operating properly and that the measurements are compatible with those
made at the time of calibration. It is advised to perform stability checks for the
well-type chamber instrumentation on a regular basis both at the SSDL and the
hospital, at least four times per year, and before and after each source exchange.

In principle, the recommended method to provide the highest level
of confidence in a brachytherapy dosimetry system is based on complete
redundancy of equipment (i.e. backup well-type chamber and source holder,
electrometer, extension cable, thermometer/barometer/hygrometer), with the
two systems being regularly compared (Section 8.5.1). In practice, it is not
always achievable to have access to a redundant independent well-type chamber
dosimetry system, particularly at hospitals. Therefore, another recommended
method to check chamber long term stability is to use mechanically stable check
sources (Section 8.5.2).

In the absence of a redundant well-type chamber dosimetry system or of an
adequate check source, chamber response can be monitored with the two other
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alternative methods provided in Sections 8.5.3 and 8.5.4 (not recommended at
SSDLs). In general, for those methods that compare chamber response to a baseline
value (i.e. check source, external radiation beam and HDR source), constancy of
corrected readings is advised to be within 0.5% from the baseline. The baseline
should be defined at the time of the well-type chamber commissioning and at
each recalibration. It is advised to investigate any discrepancy greater than 0.5%
[16, 113, 118], with well-type chamber recalibration as a possible option.

8.5.1. Redundant well-type chamber dosimetry system method

When the same radiation source is measured with two independent systems
and all measurements are decay corrected to the same reference time, the ratios
of the corrected ionization currents from different well-type chambers is advised
to remain constant within typically +0.1% of the running mean. If the change in
the numerical value of the ratio is outside this range this may indicate a problem
with one or both well-type chambers. Investigation is required, for instance with
one of the other methods presented in this section (preferably check sources), to
address the problem.

Redundancy generally refers to two independent systems maintained
by a single institution and compared so that performance can be monitored.
An option that might be available to clinical users, but not recommended for
SSDLs, is to compare systems from two different institutions, or locations, using
the same radiation source. The assumption here is that agreement implies that
both systems are operational, which is reasonable but not as rigorous a check
as either a redundant system at the same facility or a check source. However,
such a comparison also facilitates discussions of equipment maintenance and
usage, measurement procedures, data analysis, etc. and can potentially identify
improvements and/or potential failure modes so is valuable. Inter-centre
comparisons may certainly be considered as part of the wider QA practices of
any institution.

8.5.2. Check source method

A check source provides a very reliable check on system operation. Check
sources are recommended to be mechanically stable, with possibly a long half-life
and an energy comparable to that of the analysed source. For high energy sources
(i.e. *°Ir, *'Cs and ®°Co), '*’Cs is the optimal radionuclide, due to its half-life
and energy, for producing small tubes to be used as check sources. Analogously,
to check the chamber constancy for low energy LDR sources (e.g. '*Pd, '*I and
BICs), !Am is suggested [36]. Due to the lower ionization current produced
in the well-type chamber with **'Am, a higher statistical uncertainty compared
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to measurements with a '*’Cs source is expected. Since it is not always easy to
obtain **' Am in a geometry suitable for insertion into a well-type chamber, '*’Cs
check sources can be used to check chamber stability for low energy sources.

The check source will be inserted into the well-type chamber using a
dedicated holder/spacer to perform the constancy verification. It is important to
have a reproducible set-up, with the check source placed on the central axis of
the well-type chamber. The reference distance from any reference point of the
well-type chamber (e.g. entrance or bottom of the chamber) is supposed to be
fixed, with the check source position being close to the sweet spot for chamber
response. Rotation of the holder/spacer with respect to the well-type chamber
needs to also be kept constant, unless they are symmetrical to the long central
axis (e.g. with response constancy shown to be within 0.05%). Corrections are
advised to be applied for temperature and pressure as well as for the decay of
the check source.

8.5.3. External radiation beam method

For this method, a 6 MV linac or a ®°Co teletherapy unit can be used
[16, 118, 160]. In this case, the radiation field is very different in both energy and
dimensions, and therefore the measurement is not as directly correlated with the
measurement of brachytherapy sources. The chamber is placed on the ground at
a fixed extended-SSD distance. The chosen field will expose the entire well-type
chamber and minimally include the triaxial cable (to reduce extracameral
current), with the electrometer positioned far from the primary radiation field
of the EBRT source (i.e. >3 m). The treatment couch should be completely
retracted to not interfere with the primary beam, and no trays or other beam
attenuating devices should be present. The key is to have a reproducible set-up
geometry. Irradiation times are supposed to be of the order of a few minutes,
enough to minimize the effect of beam-on effects and/or shutter timer errors, but
short enough to avoid over-ranging the electrometer. The beam output should be
known in accordance with the local dosimetry protocol. Since there is no direct
correlation between the measurement of external radiation beam output and the
source strength determination of a brachytherapy source, this method serves only
to define a baseline value that can be used for monitoring long term chamber
stability. Reference temperature, pressure and relative humidity need to be
recorded at the time of baseline reading, and it is advised to correct the well-type
chamber readings for these environmental conditions each time a verification is
performed. Averaging over several measurements can eventually replace initial
baseline reading.
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8.5.4. HDR source method

This method can be used only in the absence of a redundant well-type
chamber dosimetry system (see 8.5.1) and of check sources (see 8.5.2). It can
be used for chamber stability monitoring over a period of a few months with
192Ir sources [161] and over a period of a few years for ®°Co sources. The HDR
source installed in the afterloader can in principle be used as a check source to
demonstrate system stability until the old source is replaced. The same procedure
as used for source calibration is followed, and the decay corrected result is
compared with the original measurement at installation. This technique relies
on good repeatability of positioning of the source within the chamber, and
accurate knowledge of the radionuclide half-life. Such a method provides at least
confidence in the ability to correctly characterize the new source to be installed.

8.6. SOURCE EXCHANGE AND THE VENDOR SOURCE
CERTIFICATE

8.6.1. Ordering and exchanging a source

Brachytherapy sources are ordered using a process that clearly documents
and verifies the accuracy of the source strength, number of sources, radionuclide,
shipment address(es) and regulatory aspects. For receipt of brachytherapy
source(s) it is customary to perform radiation surveys, wipe tests, and to confirm
delivery with a national authority. Survey meters with valid calibrations for the
particular radiation quality should be used to determine the highest dose rate
(mSv/h) in contact with the package and at 1 m from the surface for comparison
to a transport index value (if labelled on the package). The correct labelling of the
package, such as the shipper and addressee, label type, radionuclide listed, and
activity (units of Bq), is expected to be checked.

Depending on the local regulations, either the radiation safety officers,
medical physicists, metrologists or other responsible professionals in hospitals
and SSDLs will test the used equipment that was in contact with the source for
the presence of radionuclide contamination. A wipe test of the package exterior
and interior will be used to check for possible contamination. For photon emitting
sources, the minimum detectable activity (MDA) is 185 Bq (5 nCi). The physicist
is supposed to have access to a wipe test system that is calibrated with MDA and
system settings specific to the ordered radionuclide. Using modern Nal well type
scintillators, photomultipliers, and scalers employing lower-level discriminators
to enhance signal-to-noise, background and wipe test counts can be performed
efficiently while satisfying the MDA requirements. The last task is to update the
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local inventory with the activity received, applicable date and number of sources.
Generally, the manufacturer-stated activity is used for inventory purposes. Other
specific tasks may be required in accordance with the national laws. The disposal
of the old source(s) is also expected to follow adequate recommendations
and regulations.

8.6.2. The role of the vendor source certificate at the hospital

Brachytherapy sources are accompanied with a source certificate provided
by the vendor stating the source strength, as determined by the manufacturer.
The traceability to a primary standard has to be stated. It is advised to use the
contained source activity only for licensing, inventory, and transportation
purposes, and is not relevant to the clinical source strength determination or dose
calculation [88, 142]. Source strength measurements performed by a third-party
(separate from the manufacturer or medical physicist) are discouraged as a means
of satisfying the requirement for independently measured source strength [25].

8.6.2.1. HDR source calibration

The source strength is advised to be measured by the clinically qualified
medical physicist and then used as the reference input for the afterloader
treatment console (and the TPS) [162]. It is important to perform an independent
measurement using a traceably calibrated well-type chamber dosimetry system,
and according to a national or international code of practice [25, 37, 118, 119,
123, 141, 163]. In particular, it is recommended that the source strength of each
single HDR photon-emitting brachytherapy source is measured, prior to its
clinical use. The procedure described in the previous paragraphs are expected to
be followed according to the current code of practice.

For HDR sources, the typical uncertainty of the source strength stated in
the manufacturer’s certificate is 5% (k = 3), providing a coverage probability
of approximately 99.7%. For a normal distribution, this is equivalent to an
uncertainty of 3.3% (k = 2), providing a coverage probability of approximately
95%. Based on the uncertainties of well-type chamber calibration coefficients,
which can be achieved with current calibration methods, the discrepancy between
the source strength stated in the source calibration certificate and that measured
by the medical physicist is typically less than 3%. Discrepancies >3% are advised
to be investigated. If discrepancies >5% are observed, it is recommended to not
use the source clinically, until the differences have been reconciled [123, 141].
Source strength values on the source certificate and those measured by the
medical physicist have to agree within their stated expanded uncertainties with a
coverage factor k= 2.
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If a physical quantity different from the measured one is required by the
afterloader treatment control console and/or the TPS, the measured quantity will
be appropriately converted to the required one.

8.6.2.2. LDR sources

For LDR sources such as low-energy photon-emitting seeds, the clinical
workflow does not always permit source strength measurements preceding seed
implantation [88]. It may not be possible to measure the seeds due to them being
shipped in sterile cartridges or strands. Therefore, it is strongly recommended
that additional seeds, obtained from the same batch as those to be implanted, are
ordered and calibrated [25]. These additional seeds will be ordered at the same
time as the seeds to be implanted and could be shipped to a different location to
facilitate the measurement.

For permanent LDR implants, there are generally two prescriptions, pre-
implant (to facilitate the seed order) and post-implant. Practically, the ordered
source strength is included in the pre-implant prescription, which may slightly
differ from the values included in the manufacturer’s calibration certificate
and that measured by the medical physicist. These seeds are manufactured in
batches, and the average source strength is reported by the manufacturer. The
clinically qualified medical physicist is advised to independently compare the
nominal and measured source strengths of the source batch using a traceably
calibrated well-type chamber dosimetry system. If the difference between the
mean measured source strength for a sources assay of at least five seeds and the
value given in the manufacturer’s source certificate is within 5%, the sources can
in principle be used for clinical purposes. If the difference is higher than 5%, it
is advised to extend the sources assay by a further five seeds and the comparison
repeated. If the source sample cannot be extended or the discrepancy is confirmed
after increasing the number of measured sources of the same batch, it is advised
to discuss this discrepancy with the manufacturer [88]. The radiation oncologist
should be consulted to decide about the clinical use of this source batch.

The post-implant prescription includes the radionuclide, number of seeds,
and the total source strength implanted. The source strength that is ordered is
generally derived from a nomogram to estimate the implanted conditions. The
source strength measured by the medical physicist is used in the post-implant
prescription, and preferably in the pre-implant treatment plan and during the
intraoperative treatment planning process. In analogy to HDR sources, if a
physical quantity different from the RAKR is required by the TPS, an appropriate
RAKR conversion to this quantity is expected to be done.

For temporary LDR implants such as with '>°I seeds or '*’Cs tubes, the
medical physicist measures the source strength, and it is expected that this source
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strength value, with appropriate decay correction, will be used for all patients.
In the case of individual sources, a difference between the measured source
strength and the one stated by the manufacturer up to 6.0% is acceptable [25, 88].
For differences higher than 6%, it is important that the radiation oncologist is
consulted to decide about the use of this source. Some other circumstances not
considered in this section are outlined in other publications [25].

8.6.2.3.  Beta emitting sources

Beta-emitting brachytherapy sources are generally used for ophthalmic
applicators, eye plaques or IVBT sources. The number of laboratories offering
calibrations for these sources has greatly decreased in the past decades because
of their decreased clinical usage. Yet there are new sources recently introduced
to the marketplace for use in eye plaques. These include concave '"Ru/!%Rh eye
plaques of varying dimensions with calibration standards under development.
Once there is an established system of calibrations, a parallel plate ionization
chamber and reference geometric set-up will permit calibrations in the clinic. The
proposed approach is outlined in Hansen, et al. [53].

Well-type chambers for *°Sr/*°Y IVBT sources are still being calibrated.
The 30 mm source train is being calibrated, giving the absorbed dose to water
calibration coefficient with its appropriate uncertainty. A well-type chamber with
an appropriate sweet spot length is supposed to be used for the calibration.

9. ESTIMATED UNCERTAINTIES IN THE
DETERMINATION OF THE REFERENCE AIR KERMA
RATE UNDER REFERENCE CONDITIONS

Since the mid-1990s, many PSDLs have developed air kerma primary
standards for LDR brachytherapy sources ('®*Pd, '*°I, *!Cs and '"!Ir) and HDR
brachytherapy sources (°Co and '?Ir) [77] (see Section 6). Depending on
the measurement method, source type and primary standard used, the relative
standard uncertainties (kK = 1) in the measurement of the RAKR (or AKS) of
brachytherapy sources estimated by different PSDLs, range from 0.8% to 1.3%
for LDR sources and from 0.6% to 1.5% for HDR sources. For SSDLs, typical
standard uncertainties (kK = 1) range from 0.9% to 1.5% for LDR sources and
from 0.7% to 1.7% for HDR sources.
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The uncertainties that affect the different physical quantities or procedures
contributing to the overall RAKR determination can be divided in several steps
over the entire standard dissemination chain. The combination in quadrature of
the uncertainties resulting from the different steps yields the combined standard
uncertainty. Examples of estimates of the uncertainty levels achievable in the
RAKR measurement are provided in Table 9 for an LDR '*I source, based upon
content from [82, 142, 164-166], and in Table 10 for an HDR "Ir source. These
tables list relative standard uncertainties of physical quantities or procedures that
are used for the whole traceability chain from the measurement of LDR '*I or
HDR 'Ir brachytherapy sources by the end users back to the PSDL level. Two
illustrative scenarios for the establishment of uncertainty budgets are in both cases
presented. As recommended by this code of practice, well-type chambers are used as
reference instruments.

The physical quantities and procedures given in Table 9 and Table 10, as
well as values for the percentages listed, are only given to provide an example. It
is essential that the end users perform their own uncertainty evaluation based on
their own measurement procedures and equipment. It is not possible to present a
generic uncertainty analysis that can be used by all users. As a standard approach,
it is recommended that the uncertainty values taken into consideration are
supported by their evidence. This is preferably achieved by deriving these values
from quality control tests of the measuring instrumentation. Alternatively, those
specified by the manufacturer can be used. In practice, for a specific task, it is often
recommended to first define the desired uncertainty level and then take appropriate
measures to obtain it.

More information about the formalism is provided in the Evaluation
of Measurement Data - Guide to the Expression of Uncertainty in
Measurement [167] and in Appendix VI. Furthermore, IAEA-TECDOC-1585,
Measurement Uncertainty [168] provides guidance to SSDLs on assessing and
reporting measurement uncertainties related to their calibration services.

For Table 9 that deals with an LDR '*I brachytherapy source, scenario 1
describes a case where a reference class dosimeter is used, and its performance
complies or exceeds the requirements of this code of practice. It describes the
case where the irradiation conditions are tightly controlled (i.e. in terms of seed
positioning, air density, choice of correction factors, etc.) and the relevant corrections
for influence quantities are applied.

Scenario 2 of Table 9 describes a possible but sub optimal situation where the
measurement conditions are not controlled or monitored, and some corrections are
not implemented. For example, the chamber has not reached thermal equilibrium,
air pressure is not accurately measured, and the signal is noisy without proper
background subtraction. In both scenarios it is assumed that correction factors are
properly applied for a specific source model. Assuming standard uncertainties for
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the dose rate constant A of 2.5% [82] and 3.5% for scenarios 1 and 2, respectively,
starting from the K s, values given in Table 9 the expanded uncertainty (k = 2)
associated with the determination of the absorbed dose to water to the reference
point, Dy, (r,,0,), would result in 5.4% and 8.0%, respectively.

For Table 10 that deals with an HDR '?Ir brachytherapy source, scenario 1
describes a case where a reference class dosimeter is used, and its performance
complies or exceeds the requirements of this code of practice. It describes the
case where the irradiation conditions are tightly controlled (i.e. in terms of
source model, source positioning, air density, etc.) and the relevant corrections
for influence quantities are applied. In this scenario, the same source model is
used in calibrations and hospital measurements and therefore no source model
corrections or related uncertainty are needed.

Scenario 2 of Table 10 describes a realistic but sub optimal situation where
the measurement conditions are not controlled or monitored, and some corrections
are not implemented. For example, the source used at the SSDL is different from
the PSDL and a source model correction factor from Table § is used. A standard
uncertainty related to the use of this correction factor is included in the uncertainty
budget (0.2% in Table 10, step 2, scenario 2). If no published source model
correction factors are available, for instance if the hospital uses a different type of
well-type chamber or a new type of '*’Ir source which is not listed in Table 8, an
additional uncertainty component will be added for scenario 2 (see Table 10, step 4,
scenario 2). It is not possible to account for any future source or well-type chamber
designs, but based on the largest source model correction factor for the existing
HDR '"?Ir sources listed in Table 8 (i.e. 1.018 for the VariSource VS2000/Elekta
microSelectron-vl combination), which is equivalent to a 1.8% deviation, an
uncertainty component of at least 2% is advised to be considered (see Table 10,
step 4, scenario 2). Strictly speaking, the 2% value (rounded up from 1.8%) is a
‘deviation’ rather than an ‘uncertainty’. However, for this not ideal measurement
scenario the additional uncertainty component in the source model correction factor
in Table 10, step 4, scenario 2 needs to be included. The uncertainty component
might be even higher, for instance for PDR sources where the source geometries can
be quite different compared to HDR sources (as mentioned in Section 8.3).

Assuming standard uncertainties for the dose rate constant A of 0.5% [82]
and 5% for scenarios 1 and 2, respectively, starting from the K s.r values given in
Table 10 the expanded uncertainty (k = 2) associated to the determination of the
absorbed dose to water to the reference point, Dy, (r,.0,), would result in 1.9%
and 11.5%, respectively.

77



TABLE 9. EXAMPLE OF THE ESTIMATE OF THE RELATIVE
STANDARD UNCERTAINTY OF K, , MEASURED WITH A
CALIBRATED WELL-TYPE CHAMBER, FOR A TYPICAL LDR
1251 SEED?

Relative standard uncertainty (%)

Physical quantity or procedure®

Scenario 1 Scenario 2
Step 1: RAKR calibration of reference standard at
PSDL (in RAKR)
Establishment of the calibration coefficient 0.8 1.3
Combined uncertainty (step 1) 0.8 1.3
Step 2: RAKR measurement at SSDL with reference
standard [see Eq. (12)]
Long term stability of secondary standard 0.1 0.2
Current measurement 0.2 0.4
Set-up and seed positioning 0.2 0.3
Ton recombination correction factor 0.1 0.2
Temperature and pressure correction factor 0.1 0.5
Impact of humidity 0.1 0.3
Combined uncertainty (steps 1 + 2) 0.9 1.5
Step 3: definition of calibration coefficient of the
well-type chamber dosimetry system to be calibrated
[see Eq. (15)]
Current measurement 0.2 0.4
Set-up and seed positioning 0.2 0.3
Ion recombination correction factor 0.1 0.2
Radioactive decay correction factor 0.1 0.2
Temperature and pressure correction factor 0.1 0.5
Impact of humidity 0.1 0.3
Combined uncertainty (steps 1 + 2 + 3) 0.9 1.7
Step 4: RAKR measurement at hospital with calibrated
well-type chamber dosimetry system [see Eq. (12)]
Long term stability of the calibrated chamber 0.1 0.2
Current measurement 0.2 0.4
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TABLE 9. EXAMPLE OF THE ESTIMATE OF THE RELATIVE
STANDARD UNCERTAINTY OF K, MEASURED WITH A
CALIBRATED WELL-TYPE CHAMBER, FOR A TYPICAL LDR
1] SEED? (cont.)

Relative standard uncertainty (%)

Physical quantity or procedure®

Scenario 1 Scenario 2
Set-up and seed positioning 0.2 0.3
Ion recombination correction factor 0.1 0.2
Temperature and pressure correction factor 0.2 0.5
Impact of humidity 0.1 0.3
Combined standard uncertainty for K SR 1.0 1.9
Expanded uncertainty (k = 2) for I'(s,R 2.0 3.8

a

This table provides an example of uncertainty estimation for an LDR '*T seed. It is
essential that the end users perform their own uncertainty evaluation based on their own
measurement procedures and equipment.

A relative standard uncertainty of 0.4% needs to be included for any of the four steps
in the uncertainty budget where measurements are performed at high altitudes or very
low pressures, where an altitude correction factor needs to be applied. The additional
uncertainty components and all the other uncertainty components listed in Table 9 will
then have to be added in quadrature to calculate a revised combined standard uncertainty.

TABLE 10. EXAMPLE OF THE ESTIMATE OF THE RELATIVE
STANDARD UNCERTAINTY OF K, MEASURED WITH A
CALIBRATED WELL-TYPE CHAMBER, FOR A TYPICAL HDR
192IR SOURCE?

Relative standard

) ) uncertainty (%
Physical quantity or procedure y (%)

Scenario 1  Scenario 2

Step 1: RAKR calibration of reference standard at PSDL (in

RAKR)
Establishment of the calibration coefficient 0.6 1.5
Combined uncertainty (step 1) 0.6 15
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TABLE 10. EXAMPLE OF THE ESTIMATE OF THE RELATIVE
STANDARD UNCERTAINTY OF K SR MEASURED WITH A
CALIBRATED WELL-TYPE CHAMBER, FOR A TYPICAL HDR
12IR SOURCE? (cont.)

Relative standard

rtainty (%
Physical quantity or procedure uncertainty (%)

Scenario 1  Scenario 2

Step 2: RAKR measurement at SSDL with reference standard
[see Eq. (12)]

Long term stability of secondary standard 0.1 0.2
Current measurement 0.1 0.3
Set-up and source positioning 0.2 0.3
Ion recombination correction factor 0.1 0.2
Temperature and pressure correction factor 0.1 0.5
Impact of humidity 0.1 0.3
Source model correction factor 0 0.2
Combined uncertainty (steps 1 + 2) 0.7 17

Step 3: definition of calibration coefficient of the well-type
chamber dosimetry system to be calibrated [see Eq. (15)]

Current measurement 0.1 0.3
Set-up and source positioning 0.2 0.3
Ion recombination correction factor 0.1 0.2
Radioactive decay correction factor 0.1 0.2
Temperature and pressure correction factor 0.1 0.5
Impact of humidity 0.1 0.3
Combined uncertainty (steps 1 + 2 + 3) 0.7 1.9

Step 4: RAKR measurement at hospital with calibrated well-type
chamber dosimetry system [see Eq. (12)]

Long term stability of the calibrated chamber 0.1 0.2
Current measurement 0.1 0.3
Set-up and source positioning 0.2 0.3
Ion recombination correction factor 0.1 0.2
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TABLE 10. EXAMPLE OF THE ESTIMATE OF THE RELATIVE
STANDARD UNCERTAINTY OF K SR MEASURED WITH A
CALIBRATED WELL-TYPE CHAMBER, FOR A TYPICAL HDR
12IR SOURCE? (cont.)

Relative standard

rtainty (%
Physical quantity or procedure uncertainty (%)

Scenario 1  Scenario 2

Temperature and pressure correction factor 0.2 0.5
Impact of humidity 0.2 0.3
Source model correction factor 0 2

Combined standard uncertainty for K SR 0.8 2.8
Expanded uncertainty (k = 2) for K SR 1.7 5.7

* This table provides an example of uncertainty estimation for an HDR **Ir source. It is

essential that the end users perform their own uncertainty evaluation based on their own
measurement procedures and equipment.

10. APPLICATION OF REFERENCE
QUANTITIES IN THE HOSPITAL

Brachytherapy dose calculations are based in general upon a consistent
formalism that utilizes dosimetry parameters for uniform dose delivery across
the globe. Components of the formalism usually include a measure of source
strength for determining the output for a specific brachytherapy source, as well
as dosimetry parameters that apply to a given source model. This approach
assumes constant manufacturing practices such that dosimetric characterization
of a particular source model at any one point in time will apply to all sources of
the same model.

To avoid dose calculation errors, it is strongly recommended to use
only the quantities and units endorsed in Section 3 of this Code of Practice
for the specification of brachytherapy sources. As previously pointed out in
IAEA-TECDOC-1274, Calibration of Photon and Beta Ray Sources Used in
Brachytherapy: Guidelines on Standardized Procedures at Secondary Standards
Dosimetry Laboratories (SSDLs) and Hospitals [36], extra care is needed when
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converting quantities which have already been converted. For example, if the
source calibration carried out by the manufacturer is directly traceable to a
standards laboratory, but the source strength on the source certificate is shown
with a different quantity, the quantity on the certificate has first to be converted
back to the calibration quantity by dividing by the conversion coefficient which
was used by the manufacturer. Only then, the conversion to the desired quantity
can be performed in one step. If this procedure is not followed, there is a risk that
the manufacturer has based the conversion of the source strength quoted on the
source certificate on a different factor than that used by the end user and that the
traceability of the source strength is lost.

Application of the calibration quantities for the different brachytherapy
sources 1is described below, including an introduction of approaches
for dose distribution calculations. Part of the provided information is
summarized in Table 11.

10.1. PHOTON-EMITTING RADIOACTIVE SOURCES

The dosimetry formalism used worldwide in brachytherapy TPSs, for
most of the intracavitary, interstitial and intraluminal applications delivered with
photon-emitting HDR and LDR sources, is based upon the AAPM TG-43 report
[23, 79-83]. Key to this report is its use of the calibrated source strength. The
dose rate at any given location in water is directly proportional to the source
strength and other influencing quantities as illustrated below in Egs (34) and (35).

. B Gx(r,H) . .
D(r’e)_SKAGX(rO,GO)gX( )F( ’9) (34)
D(r60)=K, RA%%W)W@) (35)

where Eq. (35) represents a variation to the original TG-43 formalism, and
K s.r instead of Sy is used to express the source strength. These equations are
applicable for a 2D dosimetric characterization of a brachytherapy source, with
the reference coordinate system provided in Fig. 1.

In both cases, given the dose rate constants A or A _, the dose rate in water at
the reference point P(r0, 00) is obtained according to Eqsu(3) and (4), respectively.

The other terms in Eqs (34) and (35) are influencing quantities of the dose rate:

(a) Geometry function Gy(#, 6)
(b) Radial dose function gy(r)
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TABLE 11. RECOMMENDED CALIBRATION QUANTITIES FOR THE
DIFFERENT BRACHYTHERAPY SOURCES AND RELATED DOSE
DISTRIBUTION CALCULATION MODALITIES

. BT clinical Regomrjnended Possible dose distribution calculation
Radiation type L. calibration
applications .. methods
quantities

Photon Intracavitary, TG-43, adapted TG-43, or Monte
(radionuclide) interstitial, Carlo

intraluminal,

ophthalmic .

K 5.R> SK,
Surface D W,R Hand calculation, library plan,

TG-43, Monte Carlo, based on an
ionization chamber measurement
[181]

Beta Intravascular Dw ( 5 mm) PDD-based

Ophthalmic —ab PDD-based, adapted TG-43, or
Monte Carlo

Photon (eBT) Intracavitary Adapted TG-43 or Monte Carlo

Surface PDD based or Monte Carlo

Not provided in this code of practice.
Useful information can be found in Appendix I'V.
Useful information can be found in Appendix III.

b

C

(¢) 2D Anisotropy function F (7, )

where X is substituted with P or L to indicate if the point or line source
approximation is chosen, respectively. In some cases, a simplified version of
Eq. (34) and of Eq. (35) with the 1D anisotropy function @, (r) instead of F(#;, 0)
is chosen. A more extensive description of the TG-43 formalism and of each one
of these functions is given in Appendix V. The German standard organization
Deutsches Institut Fiir Normung (DIN) published Norm DIN-6803-2, Dosimetry
for Photon Brachytherapy — Part 2 [169], which introduces a specific calibration
coefficient for the well-type chamber that incorporates A aligning to the TG-43
formalism in all other aspects.
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Dose distribution calculation in surface brachytherapy delivered with
cone-shaped applicators (e.g. Valencia and Leipzig applicators) [170-177] is
usually based on hand calculation or on pre-calculated 2D dose distribution data
that have to be rescaled by the actual source strength [29, 178]. Library data
for Nucletron HDR '?Ir sources and Valencia and Leipzig applicators can be
found on-line [179]. Dosimetric characterization of the source dwelling in the
applicator, with the plastic cap placed over the end of the applicator, can be
achieved with small-volume parallel plate ionization chambers [180, 181].

Flap applicators (e.g. Freiburg applicator), which are generally used to
treat wider lesions than those treated with cup-shaped applicators, usually are
employed in combination with the TG-43 algorithm [29].

Alternate approaches for calculating the dose starting from the TG-43
formalism can be proposed for intracavitary eBT applications [182], with
the source strength being either measured directly in terms of DW,R [183], or
Dy (r5,0,) being obtained by applying a specific factor to the physical quantity
characterizing the source strength [184].

10.2. BETA-EMITTING RADIOACTIVE SOURCES

Given their different radiological properties than photon emitting sources,
dosimetry for beta-emitting brachytherapy sources is not easily characterized
using the TG-43 formalism because of the non-exponential dose fall-off.
Characterization is complicated further for planar sources such as eye plaques or
for spinal dural treatments where the radionuclide distribution is not accurately
estimated by a point or line segment [185, 186]. As such, dose calculations are
generally limited to point or 1D depth-dose determinations [28].

For line segment sources such as beta-emitting IVBT, the AAPM TG-60
and TG-149 reports provide a recommended approach for normalizing dose at
a depth of 2 mm and performing dosimetry using a Cartesian coordinate system
instead of the polar coordinate system inherent to the TG-43 dose calculation
formalism [26, 187].

For eye plaques, an approach modifying the TG-43 dose calculation
formalism has been developed for clinical treatment planning [27, 188].

While source calibration and dose calculation methods for beta-emitting
sources lag in comparison to those of photon emitting sources, it is worth noting
their potential advantages for conformal treatments.
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10.3. BRACHYTHERAPY SOURCE REGISTRIES

Good practice and a quality management system is required for
brachytherapy services, with brachytherapy sources needing robust calibration
and dosimetry standards. Global harmonization requires confirmation that a
manufacturer source calibration program is traceable to a primary calibration
standard through transference of the calibration standard to an SSDL (or
ADCL), source strength comparisons to demonstrate the accuracy and constancy
of the calibration program have been conducted, and the source dosimetry
parameters (e.g. dose rate constant) have been evaluated using two independent
methods [189, 190].

For a source meeting these dosimetry prerequisites, the source
manufacturer (or a clinical user) may apply for consideration of the source on
the Brachytherapy Source Registry (BSR). The BSR is jointly managed by
the AAPM and the Imaging and Radiation Oncology Core (IROC) Houston
QA Center. Review of an application for posting on the BSR is performed by
the AAPM BSR Working Group, who then makes a recommendation to the
AAPM Brachytherapy Subcommittee. The sources included in the BSR, the
AAPM dosimetry prerequisites and other important material are available
on-line [89]. Manufacturers who do not comply with the dosimetry prerequisites
are requested to maintain compliance but removed from the BSR if insufficient
actions are taken.

The European Society for Radiotherapy and Oncology (ESTRO) maintains
a database of brachytherapy sources that includes the dosimetry parameters in a
convenient spreadsheet format [91], and sources that have not yet or no longer
meet the AAPM dosimetry prerequisites. Harmonization of these two registries is
maintained through joint participation and leadership of the BSR Working Group
by both AAPM and ESTRO members.

10.4. TYPICAL UNCERTAINTIES IN PATIENT DOSIMETRY

Uncertainties in the dose delivery process might influence the clinical
outcome, in terms of both local control and side effects. In both LDR and HDR
brachytherapy treatments, overall clinical uncertainties are estimated as the
combination of individual uncertainty contributions, which are related to several
parameters, such as:

(a) Source strength calibrations traceable to a PSDL;

(b) A, Gy, gy, For @, data estimations used for treatment planning calculations
and interpolations, if the TG-43 algorithm is applied. Other possible
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parameter estimations if dose calculation methods different than the TG-43
algorithm are used;

Imaging techniques and applicator/catheter/source position placement and
reconstruction;

Target contouring (including intra- and inter-observer variability);

Tissue heterogeneity and patient finite dimensions;

Applicator absorption;

Dose delivery;

Anatomy variations with time.

Uncertainties depend on the clinical application and are in general different

with different radioactive sources (i.e. LDR or HDR, low energy or high energy,
radionuclide, model, calibration laboratory), treated anatomical regions, possible
fractionations, and level of adaptation according to image-guidance. Exhaustive
discussions, tables and examples are provided in DeWerd et al. [142] and
Kirisits et al. [19]. It is recommended that each institution performs adequate
comprehensive uncertainty estimations by identifying, quantifying and grouping
together uncertainty components that affect each specific clinical brachytherapy
treatment process. Sub optimal elements at any stage of the treatment preparation
and delivery process can be thus identified and possibly improved in terms of
diminishing their dosimetric uncertainty.
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Appendix I

ANTIQUATED QUANTITIES AND UNITS

Brachytherapy has worked with a number of antiquated quantities that users
have insisted on continuing using. Use of these units can cause errors because
of conversion factors. These quantities may result in up to 10% errors. One of
the quantities that is persistently used is apparent activity 4,,,. According to its
definition, 4,,, is derived from the RAKR, that is traceable to the appropriate
standard, according to the following equation:

(36)

where dj, is the reference distance and (T ) is the air kerma rate constant’. Aoy
depends on the RAKR; it cannot be experimentally determined independently. The
value of (I ( 5)K is needed, which depends on the source model (i.e. radionuclide,
construction of the source and its encapsulation). As already stated about 20 years
ago in IAEA-TECDOC-1274 [36], since “different air kerma rate constants have
been published for many brachytherapy sources, failure to uniformly define and
apply (F 5)K could cause significant confusion and unnecessary treatment delivery
errors”. This quantity is therefore not expected to be used for dosimetry purposes.

Some governments require declaration of contained activity for
transportation purposes. This number is not accurate and is therefore not
expected to be used for any clinical application. Measurement of the contained
activity is tenuously correlated to the 4,,, through corrections for the source
encapsulation. The same values of 4, for two different sources containing the
same radionuclide do not necessarily correspond to the same values of contained
activity since their relationship depends on the source design. Also, becquerel is
the SI unit for activity, not curie and or the equivalent mass of radium, mgRaEq.

In the past, jigs for free air measurements have been used for calibrating
HDR It sources [16, 36, 161]. This technique is no longer to be used.
Uniformity and accuracy of measurements are superior when using a well-type
air ionization chamber.

* The index ¢ in the air kerma rate constant (r;), indicates that only photons with
energies greater than J are taken into account. Photons with energies below this threshold are
considered to be absorbed in the radionuclide (i.e. auto-absorption) or in its encapsulation.
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Appendix 11

ESTABLISHMENT OF PRIMARY CALIBRATION STANDARDS
FOR RADIOACTIVE BRACHYTHERAPY SOURCES

The present situation for dosimetry standards based on air kerma and
absorbed dose to water for the sources considered in this code of practice is
summed up in Table 12 and Table 13 at the end of this section, respectively.
Sections II.1 and I1.2 give a brief overview of different brachytherapy dosimetry
standards, either primary standards or instruments directly traceable to primary
standards, which are either currently in use in different national metrology
institutes (NMIs) around the world or which have been developed as prototypes.
A more detailed description of these instruments can be found in two recent
review articles [77, 144] and specific articles and reports mentioned in the
list of references.

II.1. PHOTON-EMITTING RADIOACTIVE SOURCES

Since the early 1990s, many NMIs have developed air kerma primary
standards for different types of photon-emitting brachytherapy sources, such as
'%pd, 21, ™I, BCs, ¥7Cs and “Co. Usually, K, por S of the high energy
sources are realized with ionometric standards based on ionization chambers,
since they show a relatively large signal-to-noise ratio. Dy, can either be realized
with an ionometric standard and a conversion to absorbed dose rate to water via
a Monte Carlo calculated conversion factor, or by a more direct measurement
based on absorbed dose calorimetry or chemical dosimetry.

II.1.1. Air kerma dosimetry standards for LDR sources

The National Institute of Standards and Technology (NIST, USA)
has established a cylindrical wide-angle free air chamber (WAFAC) for the
realization of the quantity air kerma strength for LDR '®*Pd, '*I and '*'Cs sources
[164, 165]. The LDR sources are set up at 30 cm distance from the 8 cm diameter
aperture of the WAFAC. A 0.1 mm thick aluminium filter between the source
and the aperture removes the low energy fluorescence X-rays, which originate
in the titanium encapsulation of the sources. According to the AAPM TG-43U1
report [81] and ICRU report 72 [87], only photons with energies greater than
delta are considered for the definition of S; and K s.r» respectively, because
photons with energies less than J contribute only insignificantly to the absorbed
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dose at depths >1 mm in tissue. The value of J is typically 5 keV for LDR sources
and 10 keV for HDR sources [23, 81]. Air kerma strength measurements with the
WAFAC can be performed for photon energies up to 40 keV. This involves the
measurement of ionization currents from two different collecting volumes and
the application of various conversion and correction factors.

Calibrations of LDR !Ir and *’Cs sources are performed at NIST using
spherical, graphite-walled cavity ionization chambers [191].

UWADCL has developed a variable-aperture free air chamber (VAFAC)
for measuring S, of LDR '®Pd, 'I and "*'Cs sources [166]. The VAFAC has
a large diameter collecting electrode, can be operated in an extrapolation mode
and is used for brachytherapy sources with photon energies up to 70 keV. The
chamber is similar in design to NIST’s WAFAC. The variable aperture of the
VAFAC, however, also allows the study of the angular dependence of air kerma
strength measurements.

The National Research Council (NRC, Canada) also commissioned a
primary standard WAFAC based on the NIST design to measure S, of LDR '%*Pd
and '>I seeds. For both the NRC WAFAC and the UW VAFAC, a considerable
polarity effect was observed. This effect was eliminated by covering both the
front and rear surfaces of the collecting electrodes of the NRC WAFAC and UW
VAFAC with an electrically conducting material [192]. However, it was also
shown that this did not have a direct impact because the differential measurement
of the charge collected from two collecting volumes removes the polarity effect.

The Physikalisch-Technische Bundesanstalt (PTB, Germany) has
established a large-volume parallel-plate extrapolation chamber (GROVEX)
as K s.x primary standard for LDR 10pd and '*I photon sources [193]. The
design of the GROVEX is similar to the NIST WAFAC. However, the separation
between the two parallel-plate electrodes is adjusted automatically. For several
plate separations, which are larger than the range of the secondary electrons,
the ionization currents are measured, and the air kerma rate is obtained from
the gradient of this function, when all Monte Carlo calculated correction factors
have been applied. The GROVEX extrapolation chamber is named for traditional
reasons, based on a series of research projects in Germany and at PTB [194].
However, it has never been intended to use the GROVEX as an extrapolation
chamber in the meaning that the measurements are extrapolated to zero plate
separation, under Bragg-Gray conditions. In fact, the measurements are performed
within secondary electron equilibrium at sufficiently large plate separations.

The Laboratoire National Henri Becquerel (LNE-LNHB, France) at the
Commissariat a I’Energie Atomique et aux Energies Alternatives (CEA) has
developed a circular free air chamber in the shape of a torus with an outer radius
of around 50 cm as a primary standard for LDR '®*Pd and '°I sources [195]. The
rectangular cross section of the torus has the features of a conventional free air
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chamber. For the K , measurement, the LDR sources are placed inside a Kapton
tube either with or without a 0.1 mm thick tubular aluminium filter at the centre
of the circular chamber. The advantage of the circular design of the chamber is
that the K 5. Measurements are non-sensitive to source positioning. Any effects
due to source anisotropy will be averaged during the measurement.

NPL uses a spherical three-litre NE2551 protection level ionization chamber
to measure K, ,of LDR 2] seeds and LDR '*Ir wires [196, 197]. The ionization
chamber is traceably calibrated against NPL’s primary standard free air chambers
for low and medium energy X rays and the ®°°Co therapy level primary standard
cavity chamber. The three-litre ionization chamber is calibrated in 25 keV and
33 keV X ray beams from the ISO 4037-1 (1993) narrow spectrum series [198]
to derive the ionization chamber’s '*’I calibration coefficient by calculating
the average of the 25 keV and 33 keV calibration coefficients. The ionization
chamber is also calibrated in 35 keV to 250 keV X rays and '*’Cs and *°Co
gamma rays. The chamber’s '*’Ir calibration coefficient is obtained by weighting
the chamber’s different energy responses according to the '*’Ir spectrum.

The K pstandard of the Istituto Nazionale di Metrologia delle Radiazioni
Ionizzanti of Ente per le Nuove tecnologie 1I’Energia ¢ 1’Ambiente (ENEA-
INMRI, Italy) is based on an interpolation technique, developed by Verhaegen
et al. [199], where three spherical ionization chambers are traceably calibrated
against ENEA’s air kerma primary standards in X rays from the ISO 4037-1
series and ®°Co gamma rays [200]. The K, of LDR I and '*’Ir, and also of
HDR *?Ir sources, is measured with these ionization chambers.

At the D. I. Mendeleev All-Russian Institute for Metrology (VNIIM,
Russian Federation), S, measurements of LDR '%°I seeds are performed using both
a PTW type TM32002 one-litre spherical ionization chamber and an ATOMTEX
type BDKR-01M scintillation detector. The instruments are traceably calibrated
against VNIIM’s air kerma primary standard for X rays in the energy range from
16 keV to 33 keV at ISO 4037 N20-N40 and L20-L35 radiation qualities. The
123] calibration coefficients are determined by linear interpolation [201, 202].

I1.1.2. Air kerma dosimetry standards for HDR sources

No primary standard for HDR '*Ir sources had been established until the
beginning of the 1990s. In 1991, Goetsch et al. [203] developed an interpolation
method for the calibration of ionization chambers at the UW-ADCL to measure
the Si of HDR '"Ir sources. The average photon energy of a typical HDR "*Ir
source is approximately halfway between the effective energy of the NIST M250
X-ray beam quality (146 keV) and '*’Cs gamma rays (662 keV). A therapy level
cavity ionization chamber from the UW ADCL was traceably calibrated in air
in these two reference beams against the NIST primary standards and Goetsch
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et al. obtained the chamber’s '*’Ir calibration coefficient by linear interpolation.
The calibrated cavity chamber was used to measure S, of an HDR '*Ir source
at several distances in air. Measurements were taken at seven source-to-
chamber distances between 10 cm and 40 cm to determine correction factors
for positioning errors and room scatter. A thorough review of the seven-distance
technique and a description of an improved version of the original seven-distance
apparatus is given by Rasmussen et al. and Stump et al. [159, 204].

The seven-distance technique was recommended by the IAEA [36]. Many
PSDLs and SSDLs developed similar methods for K s.r OF S measurements of
HDR '"’Ir sources during the 1990s and early 2000s. In 2006, Mainegra-Hing
and Rogers [205] from the NRC improved the accuracy of the seven-distance
technique by interpolating the calibration coefficient for '**Ir based on 1/ Ny
values, not N values. Additionally, it was shown that the wall correction factors
in the Goetsch interpolation method would not be needed. The NRC primary
standard for HDR '’Ir brachytherapy sources [137] is based on a spherical
graphite ionization chamber where the '°*Ir calibration coefficient was determined
using the approach recommended by Mainegra-Hing and Rogers [205] in which
the arithmetic mean was taken of the inverse of the calibration coefficients for
a 250 kV narrow spectrum X ray beam (N250) and a *’Cs gamma ray beam,
directly traceable to the NRC primary standards for these two radiation beams.
This approach was used for a number of afterloaders by Rasmussen et al [159].

Further, the simplified analytical methods have been devised to evaluate the
scatter contribution and distance error required for K, yor Sy determination of
HDR '*?Ir brachytherapy sources using a seven-distance technique and a Farmer-
type cylindrical ionization chamber by Kumar et al. [206, 207].

A refined version of the interpolation method for the UWADCL air kerma
strength standard, a further modification of the seven-distance apparatus and an
uncertainty budget were presented by Rasmussen et al. [159].

At VNIIM, Sy measurements of HDR '?Ir sources are performed using a
PTW type TM32005 30 cm® spherical ionization chamber, which is traceably
calibrated against VNIIM’s air kerma primary standards for X rays and gamma
radiation using the CCRI 250 radiation quality (effective energy 124 keV) and
137Cs, respectively. The chamber’s '°Ir calibration coefficient is determined by
linear interpolation [202].

Rather than just relying on two photon beam qualities, other national
measurement institutes calibrate their ionization chambers for a range of
additional medium energy X rays and also for ®°Co gamma rays before
interpolating to 'Ir. Further interpolation methods for the calibration of cavity
jonization chambers for HDR '"’Ir have been established at PTB [136, 208,
209], ENEA-INMRI [200], and the Radiological Science Laboratory of Rio
de Janeiro State University (LCR, Brazil) [210, 211]. Interpolation methods
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for the calibration of NE2571 thimble type chambers for HDR '*’Ir have been
implemented at LNE-LNHB [212, 213], the Van Swinden Laboratorium (VSL,
The Netherlands) [134, 214, 215] and the Australian Radiation Protection and
Nuclear Safety Agency (ARPANSA, Australia) [216, 217]. At LNE-LNHB, an
NE2571 thimble chamber is rotated around an HDR '*?Ir source at different radii,
typically ranging from 100 mm to 220 mm source-to-detector distance, with a
high accuracy of £52 pum.

The NPL has established a cavity ionization chamber as primary standard
for HDR '*?Ir [135, 218]. The volume of the air cavity was measured as part of
the commissioning. The NPL method to measure K s.r 1s based on the Bragg-
Gray principle and the application of large cavity theory, and it does not require
an interpolation of calibration coefficients because the cavity chamber has been
directly commissioned for the gamma spectrum of a commercially available
HDR '""?Ir brachytherapy source.

Bhabha Atomic Research Centre (BARC, India) has also established
a graphite cavity ionization chamber as primary standard based on a known
collecting volume for standardization of HDR '’Ir brachytherapy sources in
terms of K. The BARC method for measuring K, is based on the Burlin
general cavity theory. The air kerma calibration coefficient (V) of this ionization
chamber was estimated analytically using cavity theory and also validated with
Monte Carlo calculations [219]. Other primary standard graphite cavity chambers
based on known collecting volumes and the application of cavity theory for
the measurement of K, or Sy of HDR "Ir sources have been developed at
the Institute of Nuclear Energy Research (INER, Taiwan) [220], the Korea
Research Institute of Standards and Science (KRISS, Republic of Korea) [221]
and the National Metrology Institute of Japan (AIST-NMIJ) [138]. The National
Institute of Metrology (NIM, China) has also developed a primary standard
graphite cavity chamber with known collecting volume, which is currently being
commissioned for HDR 'Ir.

II.1.3. Absorbed dose to water dosimetry standards for LDR sources

An alternate approach to calibrating conventional brachytherapy sources
instead of using Sy or K p is to directly measure the reference absorbed dose rate
to water at 1 cm from the source along the source transverse plane Dy, (1,0, ). The
quantities, r, and 6,, are specified according to the coordinate system provided in
Fig. 1. A direct measurement of Dy (r,,0,) eliminates the need to convert air
kerma to dose by applying the dose rate constant A. This more direct approach
potentially reduces the overall uncertainty on the absorbed dose to water.

Each of three PSDLs (ENEA-INMRI, LNE-LNHB and PTB) developed
ionometric absorbed dose to water primary standards for LDR '*I brachytherapy
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photon sources as part of the joint research project T2.J06, ‘Increasing cancer
treatment efficacy using three-dimensional (3D) brachytherapy’, which is within
the framework of the European Metrology Research Programme (EMRP) from
2008 to 2011. Absorbed dose calorimetry at room temperature was not considered
for LDR sources because of the expected low measurement signal. All three
absorbed dose standards for LDR '*I seeds were therefore based on ionometry
because large signal to noise ratios could be achieved.

The PTB has designed and built an in-phantom free air chamber (ipFAC)
for LDR '°I and '®Pd sources. This large-volume parallel-plate extrapolation
chamber was previously known as ‘GROVEX II’ [222]. However, in this case
the measurement is not based on the extrapolation method, hence a new name
was found to reflect the actual measurement method. The entrance plate and the
back plate of the chamber are made of water-equivalent material (RW1). During
the measurement, the LDR sources are inserted into a small RW1 cylinder and
rotated around their long axis at 30 cm distance from the entrance plate. A Monte
Carlo calculated conversion factor is applied to the difference of the ionization
charges collected at two different plate separations to yield Dy, (ro,eo) [223,224].

At ENEA-INMRI a large-angle variable-volume ionization chamber
(LAVV-1) was developed to be used as an LDR absorbed dose rate standard [225].
The chamber is embedded in a high-purity graphite phantom and operates under
‘wall-less air chamber’ conditions. The measurement method is similar to the one
developed at PTB for the ipFAC [223].

For absorbed dose measurements of LDR '?°I sources, LNE-LNHB uses
the same circular free air chamber which was described in Section II1.1.1 [195],
but with a modified source holder. The LDR seeds are placed either inside a
water equivalent PMMA sphere with 1 c¢m radius or a hollow Kapton cylinder
with 1 cm radius, filled with liquid water. Each of the source holders can be set
up at the centre of the circular ionization chamber. The measured water kerma
rate is finally converted to Dy (r,,0,) by applying a Monte Carlo calculated
conversion factor.

At UWADCL a cryogenic calorimeter with a liquid helium thermal sink
was developed. They managed to measure the emitted power from low energy,
low dose rate brachytherapy sources [226, 227].

II.1.4. Absorbed dose to water dosimetry standards for HDR sources

Absorbed dose calorimeters measure the heating effect of ionizing radiation
in a medium, (e.g. water or graphite). For HDR brachytherapy sources, as opposed
to LDR sources, the dose rate is large enough so that calorimeters can be established
as absorbed dose primary standards. The feasibility of water calorimetry for HDR
2Ir sources was demonstrated at McGill University (Montréal, Canada) [76, 78].
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Absorbed dose calorimeters for HDR %Co and/or '*’Ir sources were
also developed within the EMRP T2.J06 project. PTB and VSL modified their
existing absorbed dose water calorimeters for external beam radiotherapy. The
main design of PTB’s water calorimeter has previously been described in the
literature [228]. To enable absorbed dose measurements of HDR brachytherapy
sources, a new source holder with a stainless steel needle to hold the sources at a
distance of 2.5 cm from the calorimetric measurement point with an uncertainty
below 100 pm was built [229].

The VSL’s HDR '’Ir absorbed dose standard is a modified version of
the water calorimeter for external ®*Co and MV photon beams [230]. VSL’s
newly developed source holder for the water calorimeter contains an aluminium
heat sink for dealing with the source self-heating effect of the radioactive
HDR "Ir source.

Both ENEA-INMRI and NPL independently developed and built two
graphite calorimeters for HDR '°’Ir as part of the EMRP T2.J06 project. Both
calorimeters contain a ring-shaped graphite core with 2.5 cm mean radius which
is surrounded by a vacuum gap. The core in ENEA’s calorimeter is surrounded by
two annular graphite jackets with further vacuum gaps between the components
to limit heat transfer from the core to the environment [231]. NPL’s HDR '*’Ir
calorimeter contains two graphite tubes that are positioned between the source and
the core, separated by further vacuum gaps to limit any conductive heat transfer
between the source and the core, and also from the core to the environment [232].

The absorbed dose standards described in this section are currently not
used to calibrate secondary standard instruments [77]. However, at the end of
the EMRP T2.J06 project the Dy, (r,,0,) standards were used together with the
K s pstandards from the four PSDL’s mentioned in Section II.1.1 and IL.1.2 to
measure the dose rate constants of different types of LDR '*I and HDR "*Ir
brachytherapy sources and good agreement within the stated uncertainties was
found with published consensus values [233, 234].

A different approach for the realization of Dy (r,,0,) for HDR ’Ir is via
chemical dosimetry using a Fricke system [235]. The NRC has developed a ring-
shaped ferrous sulphate Fricke device for the absolute measurement of Dy, (r,,0,)
for HDR '°Ir sources [236]. The Fricke system is less sensitive to temperature
changes compared to calorimetry. Further information on Fricke systems for
brachytherapy applications can be found in the scientific literature [236-240].

Some of the air kerma rate and absorbed dose rate measurement methods
described in Sections II.1.1 to II.1.3 take into account the source anisotropy
by using a ring-shaped detector. Otherwise, either the source or the detector is
rotated during the measurement. In some cases, measurements are taken from
either one or two directions, and Sy, K sr OF Dy (ry,6,) are determined from the
average of multiple source transfers.
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I1.2. BETA-EMITTING RADIOACTIVE SOURCES

Calibrations of brachytherapy beta sources where a well-type chamber
cannot be used are not available at an SSDL, except for the UWADCL [53, 241].
%9Sr/*%Y and '"Ru/'"Rh ophthalmic applicators can also be calibrated at some
PSDLs, (e.g. NIST and NPL). Guidance on the calibration of brachytherapy beta
sources can be found in ISO 21439 [242]. The ISO standard is applicable to sealed
radioactive sources, for example, planar and curved ophthalmic applicators,
where only the beta radiation emitted is relevant for delivering a dose.

The performed calibration is traceable to the NIST primary standard with a
relative expanded uncertainty of 20% (k = 2) and is performed in a water phantom
by a plastic scintillator detector with 1 mm diameter and 0.5 mm height [188].

NPL operates a calibration service for curved and planar *°Sr/*°Y and
106Ru/""Rh ophthalmic applicators traceable to NPL’s ®°Co absorbed dose to
water primary standard graphite calorimeter via alanine dosimetry. Calibration
of the ophthalmic applicators is in terms of dose rate at 0 mm and 2 mm depth in
water along the plaque central axis with a relative expanded uncertainty of 7%
(k= 2). The calibration is performed by irradiating cylindrical alanine pellets of
0.5 mm thickness and 5 mm diameter, which are placed on a PMMA phantom.
A depth-dose curve is measured with a stack of ten alanine pellets and the
surface dose rate at 0 mm is determined by an extrapolation of the curve to 0 mm
thickness. The UWADCL measured the curved 'Ru/!Rh eye plaques with a
windowless extrapolation chamber [53].

High dose rate *Sr IVBT sources have been calibrated traditionally by
clinical end users from source strength measurements using a well-type chamber.
Globally, there no longer is a primary calibration standard available for **Sr
IVBT sources. However, medical physicists may still obtain well-type chamber
calibrations for IVBT from the UWADCL [243], which maintains a calibration
standard that is traceable to NIST and demonstrates system constancy since
closure of the NIST primary calibration standard. Clinical users of *°Sr sources for
pterygium (non-cancerous growth on the cornea of the eye) are unable to obtain
calibrations as most PSDLs no longer maintain primary calibration standards for
%Sr ophthalmic applicators (except NPL) and no secondary laboratories offer
calibrations. However, clinical users may demonstrate constancy (when corrected
for decay) of their source output through measurements in a well-type chamber
and comparisons of output from other long-lived sources.

Table 12 and Table 13 summarize all dosimetry standards discussed in
Appendix II.1 and Appendix I1.2.
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Appendix 111

X-RAY EMITTING ELECTRONIC SOURCES

[II.1. INTRODUCTION

In addition to radionuclide-based photon-emitting radiation sources,
miniature low energy X rays emitting electronic sources are emerging as a
possible radiotherapeutic treatment delivery system. Since no radioactive
sources are involved, efforts for radiation protection, transport and safety are
reduced [24]. Regular operating rooms can often be used without any further
shielding due to the short photon range. At the time of drafting this publication
there are a few known companies marketing miniature X ray tubes as medical
devices. A brief description of these systems is given below.

The INTRABEAM®™ PRS500 system (Carl Zeiss Surgical, Oberkochen,
Germany) is a compact X ray source originally developed for intracranial
treatments [244, 245]. The electrons are accelerated by an accelerator unit and
directed through a drift tube by a control unit. On the inside of the probe tip, the
electrons hit a gold target, producing X rays [246-248]. Some of the electrons
are scattered back and detected by an internal monitor. This information is
used twice, first to adjust the beam position to achieve an isotropic distribution
and secondly to precisely monitor the X ray yield during the irradiation time.
Accessories are supplied for dosimetry and quality assurance [249]. This
includes a water phantom to validate the depth dose curve supplied by the
vendor. For the dose measurements a PTW soft X-ray chamber type 34013 is
used. For intraoperative radiotherapy (IORT) of breast cancer, spherical plastic
applicators were developed to irradiate the tumour bed. Other applicators have
been developed for gynaecological, skin and kyphoplasty treatments [250-252].

The Xoft® Axxent® system (iCAD Inc., Nashua, NH) is a miniature
X ray tube integrated into a multi-lumen catheter along with a cooling sheath,
first introduced in 2006. Measured and simulated dosimetry parameters for this
device were described by Rivard et al. [253] and Liu et al. [254]. The strength of
the source is checked before each treatment with a well-type chamber adapted for
radiation protection purposes. Early breast cancer has been treated using balloon
catheters, first with multiple fractions [255] and then with a single fraction
IORT [256]. Dosimetric properties were also described for endometrial [257],
surface [258] and intracavitary applicators [259]. Power variations between
sources, flatness and symmetry for surface applicators were all within 5%. The
most homogeneous radiation is perpendicular to the emitter axis, which is why
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the dose reference point is also defined there. There is an air kerma rate traceable
standard developed at NIST for this source (see Section II1.2).

Ariane Medical Systems Ltd (Derby, UK) has already introduced two
devices into the market: Papillon 50 and Papillon +.

Papillon 50 was launched in 2008 [24] and is primarily used for contact
radiation therapy. Electrons are accelerated in an evacuated copper tube and hit a
rhenium transmission target. In the further course of the tube there is an ionization
chamber for dose monitoring, an Al-flattening filter and an exit window made
of polycarbonate. The spatial distribution of the applied radiation has a fixed
aperture angle of 45°. Thus, the dose reference point is also located along the
emitter axis. The measured and Monte Carlo simulated relative dose distributions
for this device were described by Croce et al. [260]. The system is primarily used
as a boost for EBRT of rectal cancer. However, the system also offers applicators
for skin irradiation [24].

The Papillon + system [261] was developed with the aim of also being
suitable for intracavitary applications (i.e. to achieve the most isotropic radiation
distribution possible and at the same time a high dose rate). A two-shell
construction was used. Inside, there is a tube with a diameter of 10 mm. At the
end of the tube is a rounded beryllium cap, which is coated with tungsten on
the inside. The beryllium cap is electrically separated from the rest of the tube
by a ceramic insulator. The electrons hitting the tungsten target are discharged
again via an anode current measuring device, whereby the beam current is also
recorded during treatment. Around this inner tube is a cooling cover. Between
the two tubes is a cooling circuit based on mineral oil. For dosimetry application
specific phantoms designed for a PTW TM23342W ionization chamber are
provided for the end user to facilitate measurement of absorbed dose according
to AAPM guidelines. The dose reference points are aligned along the source axis.

Wolf-Medizintechnik presented the i0RT-50 device which can be used for
intercavitary, skin and contact therapy. It is based on a hollow anode tube with
a maximum high voltage of 70 kV and a maximum tube current of 7 mA. The
entire tube body is water-cooled, and the built-in radiation shielding is made
of lead-free materials. The focal spot has a diameter of 15 mm and the angular
distribution of the emittance field of the bare tube is 180° x 360°. The dose
reference point is also located along the axis of this tube.

The Esteya® EB system (Elekta AB-Nucletron, Stockholm, Sweden)
is operated at about 69.5 kV and was developed for the treatment of skin
lesions [262]. A QA device is used to check the consistency of power, flatness,
and depth dose. Surface applicators with a flattening filter are used to achieve
a dose distribution similar to the one obtained with the Valencia '*’Ir HDR
applicators from the same manufacturer. Dosimetry of the device has been
described by Garcia-Martinez et al. [263].
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Photoelectric therapy (Xstrahl Ltd, Camberley, United Kingdom) was
launched in late 2014 and is also aimed at treating skin lesions. The system
consists of a mobile equipment with built-in cooling, collimation device and
flattening filters for a consistent dose profile. Dedicated QA tools are available to
allow ionization chambers placement for dose rate verification [24].

II1.2. PRIMARY STANDARDS FOR X-RAY EMITTING SOURCES

In general, across different manufacturers, there is discord and no uniform
calibration standard for the devices listed above. For most of them, calibration
techniques currently rely on external-beam photon calibration standards [264].
However, these approaches are less robust and consequently provide larger
uncertainties when determining the absorbed dose to the patient. Well-type
chambers are in many cases not suitable, because the diameter of the well at
the centre of the chamber housing might not be wide enough. Other types of
ionization chambers, for instance thin-window parallel-plate ionization chambers
with suitable holders which can be traceably calibrated against primary standards,
might be more appropriate for performing measurements close to these devices,
except that the use of a parallel-plate chamber does not account for the 360-degree
aspect of the source.

At the time of drafting this code of practice, NIST is the only national
metrology institute that developed a primary calibration standard and that is
offering a calibration service for at least one single source type of the Xoft Axxent
System. The primary standard is optimized for a reference point perpendicular
to the source axis which is suitable for the emittance field characteristic of the
source. The suggested quantity by NIST is the reference air kerma rate from the
source transverse plane at 50 ¢cm in air, K air500 80 as to avoid the relatively large
added uncertainty associated in this case with air-kerma strength. This choice
can change depending on possible future developments in clinical-dosimetry
protocols by the AAPM” [265]. K, s, is measured with NIST’s Lamperti
free air chamber [266] and has units Gy s™. This calibration standard may be
transferred to a well-type chamber having a holder specific to this model of
eBT source. Well-type chambers for the Xoft Axxent system, traceable to NIST,
have source holders that are specifically designed for them. Information about
the current status of air kerma dosimetry standards for X-ray emitting sources is
given in Table 14.

Absorbed dose to water primary standards for some of the electronic
brachytherapy sources listed in the previous section are being developed as part
of the European Metrology Programme for Innovation and Research (EMPIR)
project ‘Primary standards and traceable measurement methods for X-ray
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TABLE 14. CURRENT STATUS OF ELECTRONIC BRACHYTHERAPY
AIR KERMA DOSIMETRY STANDARDS?

eBT source Reference Reference standard Laborato Work in progress
(dose rate) standard methodology y prog
Xoft Axxent Lamperti free air ~ Free-in-air charge NIST New source model
(HDR) chamber measurement being worked on
by NIST
Attix free air Free-in-air charge UWADCL
chamber measurement
INTRABEAM,  Free air chamber  Free-in-air charge VSL Being developed/
Xoft Axxent measurement modified as part
(HDR) of EMPIR project
PRISM-eBT

The instruments listed are either primary or secondary standards and are of the highest
metrological quality. Strictly speaking, the ionization chambers where the chamber
factor is derived using an interpolation technique (via traceable calibrations against
primary standards), are secondary standards.

emitting electronic brachytherapy devices’ (PRISM-eBT) [183]. The dose
reference point will be at 1 cm distance along the axis given by the emittance
characteristic of the specific source type. As part of the project, LNE-LNHB has
developed a methodology for standardization of electronic brachytherapy sources
in the unit of absorbed dose to water [267]. Table 15 provides more information
about the current status of absorbed dose to water dosimetry standards for X-ray
emitting sources. To determine the absorbed dose to water at a reference depth
of 1 cm in a water phantom, a conversion factor is calculated using the Monte-
Carlo method. The method was exemplified by the calibration of a 4 cm spherical
applicator of the Zeiss INTRABEAM system. The authors determined an
absorbed dose value which was significantly higher than the value specified by
the manufacturer. According to the authors this finding is consistent with similar
observations published in the literature [268-270].
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TABLE 15. CURRENT STATUS OF ELECTRONIC BRACHYTHERAPY
ABSORBED DOSE TO WATER DOSIMETRY STANDARDS

eBT source
(dose rate)

Reference
standard

Reference standard

methodology

Laboratory Work in progress

INTRABEAM, Free-air chamber

Xoft Axxent,
(HDR)

Free-air chamber

Circular free air
chamber with eBT
source holder

In-phantom free air
chamber (ipFAC):
Parallel-plate
ionization chamber
in a plastic
phantom

In-water ion
chamber (IWIC):
Parallel-plate
ionization chamber
combined with a
water phantom

Free-in-air charge CMI*
measurement,

conversion to D,

ENEA-
INMRI

Free-in-air charge
measurement,
conversion to D,

LNE-
LNHB

Free-in-air charge
measurement,
conversion to D,

Multiple-volume PTB
measurement
technique;

source at 30 cm

distance

Multiple-volume  PTB
measurement

technique; source

at 1 cm distance

in the water

phantom

Being developed/
modified as part
of EMPIR project
PRISM-eBT

Being developed/
modified as part
of EMPIR project
PRISM-eBT

Being developed/
modified as part
of EMPIR project
PRISM-eBT

Being developed
as part of EMPIR
project PRISM-
eBT

Being developed
as part of EMPIR
project PRISM-
eBT

*  The Cesky Metrologicky Institut (CMI) is the Czech Metrology Institute.
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Appendix IV

OTHER DETECTOR SYSTEMS FOR BRACHYTHERAPY

Although the well-type chamber is the recommended method for
performing brachytherapy measurements for most available sources at SSDLs
and hospitals, there are sources for which that is not the case. The measurement
based on well-type chambers do not apply to the measurements/calibrations of
sources used with surface applicators or beta particle planar and concave sources
used in ophthalmic brachytherapy. Some of the detectors other than the well-type
chamber that might be considered are radiochromic films, thermoluminescence
dosimeters (TLDs), diodes, diamond detectors, alanine detectors, optically
stimulated luminescence dosimetry (OSLD) or radiophotoluminescence
dosimeters (RPLDs) and radiochromic gel dosimeters. These systems are
discussed in brief in the next sections.

IV.1. RADIOCHROMIC FILMS

Radiochromic films can be used to perform measurements in HDR
and LDR brachytherapy [271, 272], and in several cases where the use of the
well-type chamber is not recommended for calibration. Radiochromic films have,
for instance, been used for measurements of planar absorbed dose distributions in
water and of the reference dose rates of beta sources [273, 274], for absorbed dose
measurements in a water phantom of a miniature low energy X ray source [269],
and for end-to-end dosimetric audits in solid water phantoms [275, 276].

V2. THERMOLUMINESCENT DOSIMETERS

Thermoluminescent dosimeters have long been used as dosimeters of
choice in experimental brachytherapy dosimetry of low and high energy photon
sources and have their role proved in the validation of the reference air kerma
rate/air kerma strength, measurements of the source dose rate constant, the radial
dose function and anisotropy function [79, 81, 82, 277-281].

The dose rate measurements were performed with TLDs in solid phantoms
for intravascular brachytherapy beta sources [282] and ophthalmic (*°Sr, '®Ru)
applicators [283-285]. Other important applications included in vivo dosimetry,
where TLDs were successfully used in gynaecological, prostate and skin
brachytherapy treatments [286—288] and dosimetry audits in brachytherapy,
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comparing the measured and treatment planning system calculated absorbed dose
to water [289, 290].

These dosimeters may have a relatively small active volume
(e.g. 1xI1x1 mm?® cube, 1x1x6 mm® rod) to minimize the effect of high dose
gradients across their volume while maintaining sufficient sensitivity for
measurements. Accurate measurements with TLDs, typically performed in solid
water phantoms with radiological properties comparable to water, require well-
controlled irradiation conditions, careful handling and reading of the dosimeters.
Their sensitivity highly depends on the applied heating and cooling cycles.

Due to the characteristics of the dose distribution around brachytherapy
sources, especially in the immediate vicinity, the positional uncertainty can
be considerable and very close tolerances in the measurements are required.
Experimental and computational studies emphasized that the measured air kerma
and TLD absorbed dose response of LiF:Mg,Ti (LiF:Mg,Cu,P) TLDs were
not constant for a wide range of photon spectra [291, 292]. The absorbed dose
sensitivity [82, 293-295] of the dosimeter can be divided into two main parts:
the intrinsic energy dependence, which depends on the detector signal formation
process and the linear energy transfer of the radiation (LET), and the energy
dependence of the absorbed dose, which depends on the medium, the detector
cross section, the self-attenuation and the volume averaging. To derive the
absorbed dose energy dependence, either Monte Carlo simulations of the actual
irradiation geometry or the use of cavity theory and knowledge of the absorption
properties of water and the detector with additional perturbation correction
factors are needed. If the measurement is performed in a medium other than the
calibration medium, a detector response correction needs to also be applied to
the phantom material. The correction is given by the ratio of dose to water at one
point in water to dose to water at the same point in the phantom medium for the
radiation quality used in the measurement [82].

Four methods for calibrating TLDs were investigated for use with an HDR
192Ir brachytherapy source as the most suitable for audit purposes [296]. Three
of the methods involved calibration with an HDR '*’Ir source, and for the fourth
method a 6 MV photon beam was used. Calibration of TLDs in a phantom such
as the one used for the auditing gave the most reliable results. The uncertainty of
the method used to calibrate TLDs in 6 MV photon beams was the highest of all
methods in the study, and the dose measurement results were consistently higher
than those obtained using an HDR '?Ir source.
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IV.3. DIODES AND DIAMOND DETECTORS

Diodes and diamonds are solid state detectors, distinguished by the energy
gap between the valence band and the conduction band. Diodes are based upon
a small band gap. Diamonds have a large band gap separated by greater energy.
This large band gap is the case for an insulator. The small size of both detectors
is an advantage for brachytherapy applications, although they have not been
extensively used [297-302].

Diamond is a carbon material and thus approximates tissue; however,
diamonds are very expensive to purchase. Diamond detectors do not all perform
similarly. The older style diamonds had great variability [303]. This variation
was caused by the lack of purity or the amount of impurities in the crystal lattice.
Impurities cause electron and hole traps and interfere with the radioconductivity
signal. This is also true for diodes, although the solid state process is different.
Quite promising results have been published about the newer micro-diamond
detector [300-302, 304, 305].

Commercially available diodes are found to have up to 12% change in
sensitivity with the angle of incidence of radiation [306]. It is important that any
diode to be used be well characterized beforehand. There is also a significant
energy dependence involved in the use of diodes; this becomes important when
considering low energy brachytherapy sources. In addition, some diodes have
a temperature effect; although the range of temperatures in normal use is not
significant. A rule of thumb is about 0.3%/ °C variation in response [306]. The
calibration of these diodes needs to be checked, especially if the accumulated
dose reaches 100 Gy to 1 kGy.

IV.4. ALANINE

Measurements of the 3D dose distribution around brachytherapy sources
is challenging, not only due to the steep dose gradients close to the source, but
also the change of the energy spectra at different depths in the phantom medium.
The requirements for a dosimetry system capable of addressing such challenges
include the ability to measure a broad range of doses, a small detector size and,
ideally, a detector response which is independent of radiation energy and dose
rate. The dosimetry system also needs to make it possible to accurately position
the detectors and the radiation source relative to one another in a repeatable way.

When the amino acid alanine is irradiated with ionizing radiation, stable
free radicals are produced [307]. The number of free radicals is proportional
to the absorbed radiation dose and alanine can therefore be used as a radiation
dosimeter. Alanine is also near water equivalent which makes it appropriate
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for use in radiotherapy applications [308, 309]. Another advantage of alanine
dosimeters is the non-destructive nature of their readout. The main issue with
using alanine is the minimum measurable dose of around 5 Gy, which might
require long exposure times.

Alanine powder and paraffin wax can be pressed into small cylindrical
pellets with typical diameters and heights of a few millimetres. The solid alanine
pellets can be placed in phantoms to measure absorbed dose at points close to
brachytherapy sources.

The energy response of alanine in medium energy X rays with tube
peak voltages ranging from 30 kV to 280 kV, which is relevant for LDR, PDR
and HDR brachytherapy as well as eBT miniature X ray sources, have been
investigated by different research teams [310-313]. Data on the response of
alanine in '*’Ir photon radiation were published by Schaeken et al. [314]. Anton
et al. [315] showed that the response of the alanine dosimeter to '**Ir radiation
relative to °°Co radiation decreases from around 98% at 1 cm depth in water to
96% at 5 cm depth.

Alanine has been used for absolute dosimetry as part of a multicentre audit
in the United Kingdom to evaluate HDR and PDR brachytherapy [162], for in
vivo dosimetry to evaluate the urethra dose during HDR '?Ir brachytherapy [316]
and for measurements of absorbed dose around an HDR '*’Ir brachytherapy
source which was placed inside an applicator [317].

Under the EMPIR project (I8SNRMO0O2 PRISM-eBT, primary standards
and traceable measurement methods for X-ray emitting eBT devices), various
radiation detectors, including alanine, were characterized for dose distribution
measurements close to some of the available low energy eBT miniature X-ray
sources with or without applicators. The PRISM-eBT open access website can be
found at http://www.ebt-empir.eu.

IV.5. OPTICALLY STIMULATED LUMINESCENCE DOSIMETERS
(OSLDS)

The optically stimulated luminescence introduced in luminescence dating
and promoted by retrospective and personal dosimetry has also been used in
radiotherapy for clinical dosimetry measurements of high energy photon and
electron beams using different types of readers and reading techniques. While
several OSL materials such as BaO, KBr:Eu, Mg,SiO,:Tb or aluminium
oxide doped with metal (ALO;:Cr,MgFe) have been investigated for
dosimetry applications, Al,O,:C crystals are currently the only commercially
available dosimeters.
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The AL, O,4:C crystals are converted into powder which is used to produce
the plastic strip from which the small discs are extruded. The dosimeter
nanoDotTM (Landauer Inc., Glenwood IL), for example, has a diameter of 4 mm
and a thickness of only 0.2 mm. The other available form are strips that can be
used for dose profile measurements in computed tomography. The advantages
of these dosimeters for dose measurements around brachytherapy sources are
their low thickness, which reduces the volume averaging effect in the steep dose
gradients, high sensitivity, dose rate independence, reusability, easy readout and
bleaching process, and stability against temperature and humidity variations. It is
recommended to store the dosimeter in an adequate container so that room light
will not affect its response.

In one study, an HDR '**Ir brachytherapy source was used to test the dose
linearity, dose rate dependence and angular response of OSLDs for potential
in vivo HDR brachytherapy dosimetry [318]. The dosimetric performance of
OSLDs evaluated in this study, together with the favourable practical properties
of the dosimeters and the readout procedure, showed that OSLDs are feasible
means for in vivo brachytherapy measurements.

The OSLDs characterized for use in the in vivo dosimetry of HDR '*’Ir
brachytherapy [319] showed a dependence on the angle of incidence of a
radiation field of a '**Ir brachytherapy source on the detector surface. In addition,
the authors proposed a calibration with a '*Ir source to avoid the uncertainty in
the different sensitivity of OSLDs to '"’Ir photons compared to 6 MV photon
beams. A 10% increase in OSLD sensitivity, which depends on the changes in
the photon spectrum, was found in measurements at 10 cm depth compared
to measurements at 1 cm depth. The measurements performed were in good
agreement with the TPS calculation when using an advanced model based dose
calculation algorithm.

The feasibility of the OSLD-based '**Ir HDR remote audit system, based
on a mailable solid phantom preloaded with dosimeters and the developed
methodology, showed in several experiments that the dose can be measured with
uncertainties of ~2.5% (k = 2). The level of uncertainty was adequate to allow the
audit acceptance limits of 5% to be established [320].

IV.6. RADIOPHOTOLUMINESCENCE DOSIMETERS

A silver activated phosphate glass is a basis for various types of
radiophotoluminescence glass dosimeters due to its advantageous dosimetry
properties and reproducible production. They have been thoroughly characterized
and used in external beam radiotherapy large scale audits [321-325].
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The commercially available RPLDs (e.g. GD-302M, Asahi Techno Glass
Corporation, Japan) measure 1.5 mm in diameter and 12 mm in length and are
encapsulated in a plastic capsule. Their effective atomic number is 12.04 and their
density is 2.61 g/cm’. The non-destructive readout process, in which only a small
part of the signal is depleted, offers their reusability after annealing, in which
luminescence centres are eliminated. The sensitive area of a dosimeter is 6 mm
long. The automatic reader can read out up to 20 RPLDs in one short session.

Correction factors for absorbed dose energy dependence and intrinsic
energy dependence were determined for absorbed dose to water measurements
from a '*’Ir source using RPLDs calibrated in a 4 MV photon beam [326]. While
the relative detector response for '*’Ir radiation and 4 MV photon beam did
not vary significantly with distance from the source, the relative dose ratio of
absorbed dose to water relative to average absorbed dose to RPLD for '*’Ir and
4 MV photons, corrected for the energy dependence of absorbed dose, decreased
by about 20% for distances from 2 to 10 cm from the source.

The results of RPLD characterization measurements, including readout
reproducibility, dose linearity and energy response, show that it has good
radiation detection properties and is suitable for verification of the brachytherapy
dose of HDR '*’Ir brachytherapy prostate treatments [327]. The results showed
no significant energy dependence between '*’Ir and ®’Co sources for RPLDs after
irradiation with both sources in the dose range of 100-700 cGy, and the calibration
of dosimeters in the ®®Co beam quality was proposed. Radiophotoluminescence
glass dosimetry and TLD measurements in the in-house made prostate phantom
gave similar results. With multiple source positions the difference between the
RPLD measurement results and the results calculated by TPS was within 5%.

Further applications of RPLDs include an in vivo dosimetry study for
interstitial HDR '"’Ir head and neck brachytherapy [328]. The results of the
study helped to determine the importance of dose prescription for achieving high
reproducibility and avoidance of large hyperdose regions.

IV.7. GEL DOSIMETERS

Gel dosimeters have the attractive characteristic of being able to record
the dose distribution in three dimensions. This characteristic is particularly
significant in brachytherapy, where steep dose gradients around the source(s)
are involved. Depending on their chemical formulations, gel dosimeters have in
some cases shown to be close to water and tissue equivalent [329-331].

Gel dosimeters can, in general, be grouped in two main types, namely
Fricke and polymer gels [332-335]. In Fricke gel dosimeters, radiation induces a
change of ferrous (Fe*") into ferric (Fe**) ions whereas in polymer gel dosimeters,
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it induces a polymerization of the radiation sensitive chemical. In both cases, the
changes induced by radiation are quantified and converted into an information
of absorbed dose. Magnetic resonance imaging, optical or X-ray computed
tomography and ultrasound have been investigated as possible methods to
quantify these changes [332-334].

Even though they have already been studied for several decades, gel
dosimeters have found a limited application in brachytherapy [336]. They have
been used for three-dimensional dose determination around '*’Ir and *’Co high
dose rate sources. Their output was compared with the results of other dosimeters,
Monte Carlo calculations and treatment planning systems based on AAPM TG-43
or model-based dose calculation algorithms [337-345]. Dose distributions close
to LDR sources, such as '*’Cs, and beta emitters, such as '“Ru and *°Sr, were
also quantified [333, 346-349].

IV.8. PLASTIC SCINTILLATORS

Having near tissue equivalence across a wide range of photon energies,
sub-millimetre spatial resolution, and milli-second temporal capabilities such as
being moved throughout a dose distribution or detecting a moving source, plastic
scintillators have been used increasingly for brachytherapy dosimetry [184, 350].
Applications have been studied for measuring a single source within a phantom
for acquiring reference dosimetry or for in vivo dosimetry for multi-dwell or
multi-source brachytherapy implants [350—-357].

113



Appendix V

THE AAPM TG-43 ALGORITHM FOR DOSE DISTRIBUTION
CALCULATION IN BRACHYTHERAPY

The dose calculation formalism used for brachytherapy dose calculations
is exhaustively provided in the AAPM TG-43 report and updates [79-83]. Since
it is universally accepted as the standard, the algorithm for dose calculation is
commonly cited in the literature as the ‘TG-43 algorithm’. Model-based dose
calculation algorithms were also recently proposed in brachytherapy; a description
of these falls outside the scope of this code of practice and can be found elsewhere
[358-361]. Only a brief description of the TG-43 algorithm is provided.

The TG-43 algorithm works in the approximation of a homogeneous
infinite medium (i.e. full scatter conditions), with the delivered dose to a point
of interest being the superposition of single source dose distributions to the
same point, neglecting any inter-source or applicator attenuation effects [23].
These approximations are generally pertinent both for LDR and HDR clinical
applications [358, 362]. The AKS is chosen in the TG-43 formalism to physically
quantify the source strength. Information for the conversion from RAKR to AKS
is provided in Section 3.1. The general TG-43 equations according to the 1D and
2D formalism are:

D(r)=SgA Ox(r0) gx (1) (7) (1D formalism) (37)
Gx (roa 0)
_g A Gx(r0) .
D(r,0)=SgA GXX(rO,OO)gX(r)F(r’O) (2D formalism) (38)

where Sy is the air kerma strength, A is the dose rate constant, G is the geometry
function, gy is the radial dose function, ¢,,(r) and F(7; #) are the 1D and 2D
anisotropy functions, respectively, with the adopted polar coordinate system
provided previously in Fig. 1. In the 1D formalism, a 1D isotropic point-
source approximation is modelled and the dose depends only on the radial
distance from the centre of the source. In the 2D formalism, a more complex
2D variation in dose distribution as a function also of polar angle relative to
the source longitudinal axis is modelled. The latter formalism is more accurate,
but it necessitates determination of the source transverse axis orientation from
imaging studies. The variable X indicates whether the point-source (i.e. X = P)
or line-source (i.e. X = L) model was selected. r, and 6, are the coordinates of
a reference point P, with r, being 1 cm from the centre of the radioactive source
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and 0, specifying the transverse axis from the centre of the radioactive source
(i.e. 6,=90°).

In general, it is important to note that both TG-43 algorithms are basically
structured in two parts. The first part, which is common to both the 1D and 2D
formalism, converts the AKS Sy to the dose rate in water at the reference point P:

D(ry,0,)=SgA (39)

The second part allows one to calculate the dose rate in all the remaining
points in water, starting from the dose rate at the reference point P:

B(r)= D(ro,eo)% ax (M) (7) (1D formalism) (40)
D(r)=D(x,. 90)%gx(r)zv(r,9) (2D formalism) (41)

V.1. DOSE RATE CONSTANT, A
The dose rate constant A is defined as:

D(1,,0,)
Sk

A= 42)

and not only depends on the radionuclide, but also on the source model.
Consensus data for clinical implementation of A for the different source models
can be found elsewhere [23, 81], and are obtained and validated combining the
information provided by specific Monte Carlo calculations and experimental
measurements published in peer-reviewed scientific journals.

V.2. GEOMETRY FUNCTION Gy
The geometry function Gy(r, 0) accounts for the inverse square law and

does not consider radiation absorption and scattering by the traversed means. In
the line-source approximation model, G takes also into account the approximate
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spatial distribution of radioactivity within the active core of the source. Geometry
functions according to the point-source and line-source approximations are:

G, (r,0)=r"? point-source approximation (43)

if 6£0°

Y
2 . o
o= if =0
4

To obtain unity in P, in the TG-43 algorithm Gy(r, ) is normalized
by Gx(ry 0,).

line-source approximation (44)

V.3. RADIAL DOSE FUNCTION G

The radial dose function gy(r) accounts for the dose rate change due to
photon scattering and absorption along the transversal axis through the centre of
the source, excluding the dose geometrical fall-off effects modelled with Gy(7, 0).
Overall, g(7) is defined as:

_ D(V’GO) Gx(ro’eo)
gX(r)_D(rano) Gx(raeo) )

The value of gy is unity in r,. In general, to define consensus data,
Monte Carlo and experimental results published in peer-reviewed scientific
journals were compared.

V.4. ANISOTROPY FUNCTIONS @&, AND F

The 1D anisotropy function @, (r) is defined at a given distance » as “the
ratio of the solid angle-weighted dose rate, averaged over the entire 4n steradian
space, to the dose rate at the same distance » on the transverse plane” [81]:

" D(r,0)sin(6)d0
$an (1) = J.O 2D(V,90) (46)
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Since the dose might in fact be different over the entire steradian space
at a certain distance r, @, (r) approximates this difference by calculating
the average value.

On the contrary, “the 2D anisotropy function describes the variation in dose
as a function of polar angle @ relative to the transverse plane” [81]. For sources
different than point-sources, this angular variation is mainly due to self-filtration,
scattering of photons within the source and oblique filtration of primary photons
through the source encapsulation. F(7; ) is defined as:

F00)-5 ((:,’: 0)) iLL((r;,efao)) “7

and equals unity along the transverse plane (i.e. F(r, 0,) = 1).
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Appendix VI

EXPRESSION OF UNCERTAINTIES®

VIL1.INTRODUCTION

The aim of any measurement is to obtain the value of a parameter or
quantity, generally termed measurand. The uncertainty associated with a
measurement is a parameter that characterizes the dispersion of the values “that
could reasonably be attributed to the measurand”. This parameter is normally
an estimated standard deviation. An uncertainty, therefore, has no known sign
and is usually assumed to be symmetrical. It is a measure of our lack of exact
knowledge, after all recognized ‘systematic’ effects have been eliminated by
applying appropriate corrections.

The ISO Guide on the Expression of Uncertainty in Measurement [167]
gives definitions and describes methods of evaluating and reporting uncertainties.
It presents a consensus on how the uncertainty in measurement is generally
treated. The guide suggests using Type A and Type B uncertainties based on the
method used to evaluate the uncertainty. Statistical methods are used to evaluate
Type A uncertainties as opposed to Type B uncertainties which are determined by
other means. In this code of practice, the ISO guide is followed, and it is advised
to consult it for details when needed.

VI.2.MEAN VALUE OF MEASUREMENT

In a series of n» measurements, with observed values x, the best estimate of
the quantity x is usually given by the arithmetic mean value:

_ 1 n
X :;Zizlxi (48)

The scatter of the » measured values x,, around their mean x can be characterized
by the standard deviation:

()= = 2 (5, -%) (49)

6 This appendix is mainly taken from appendix I of the TRS-457 [41].
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and the quantity s* (x,) is called the empirical variance of a single measurement,
based on a sample of size n.

The standard deviation of the mean value, written as s(X ), can be
calculated according to:

s(f):—s(xl.) (50)

An alternative way to estimate s(x) would be based on the outcome of
several groups of measurements. If they are all of the same size, the formulas
given above can still be used, provided that x; is now taken as the mean of group
i and x is the overall mean (or mean of the means) of the n groups. For groups
of different size, statistical weights would have to be used. This second approach
may often be preferable, but it usually requires a larger number of measurements.
A discussion of how much the two results of s(x) may differ from each other is
beyond this elementary presentation.

VI3. TYPE A STANDARD UNCERTAINTY

The standard uncertainty of Type A, denoted by u,, is described by the
standard deviation of the mean value of statistically independent observations, or

uy =s(X) 51

This equation shows that a Type A uncertainty of the measurement of a
quantity can, in principle, always be reduced by increasing the number n of
individual readings. It must be noted that the reliability of a Type A uncertainty
estimation according to Eq. (51) has to be considered for the low number of
measurements (7 < 10). Other means of estimations, such as the z-distribution
may be considered. If several measurement techniques are available, preference
will be given to the one which produces the least scatter of the results (i.e. which
has the smallest standard deviation s(x;), but in practice the possibilities for
reduction are often limited). One example is the measurement of ionization
currents that are of the same order as the leakage currents, which may also be
variable. In order to arrive at an acceptable uncertainty of the result, it is then
necessary to take many more readings than would normally be needed if the
ionization currents were much higher than the leakage currents.

The Type A standard uncertainty is obtained by the usual statistical analysis
of repeated measurements. It is normally found that the reproducibility of each
model of dosimeter is essentially the same from one instrument to the next.
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Thus, if the Type A standard uncertainty of an air-kerma-rate measurement is
determined for one kind of dosimeter, the same value can generally be used for
other instruments of that same model, used under the same conditions.

VI.4.TYPE B STANDARD UNCERTAINTY

There are many sources of measurement uncertainty that cannot be estimated
by repeated measurements. These are called Type B uncertainties. These include
not only unknown, although suspected, influences on the measurement process,
but also little known effects of influence quantities (mechanical deform of an
ionization chamber due to temperature and humidity), application of correction
factors or physical data taken from the literature, experience from previous
measurements, manufacturer’s specifications, etc. A calibration uncertainty, even
if derived from Type A components, becomes a Type B uncertainty when using
the calibrated instrument.

In the CIPM method of characterizing uncertainties, the Type B
uncertainties have to be estimated so that they correspond to standard deviations;
they are called Type B standard uncertainties. Some experimenters claim that
they can directly estimate this type of uncertainty, while others prefer to use, as
an intermediate step, some type of limit. It is often helpful to assume that these
uncertainties have a probability distribution which corresponds to some easily
recognizable shape.

If, for example, one is ‘fairly sure’ of that limit, Z, it can be considered to
correspond approximately to a 95% confidence limit, whereas, if one is ‘almost
certain’, it may be taken to correspond approximately to a 99% confidence limit.
Thus, the Type B standard uncertainty, ug, can be obtained from the equation:

L
uB :; (52)

where k=2 if one is fairly certain, and £ = 3 if one is quite certain of the estimated
limits £L. These relations correspond to the properties of a Gaussian distribution
and it is usually not worthwhile to apply divisors other than 2 or 3 because of the
approximate nature of the estimation [363, 364].

It is sometimes assumed that Type B uncertainties can be described by a
rectangular probability density function; in other words, that they have equal
probability anywhere within the given maximum limits -M and +M and their
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FIG. 7. Rectangular f(x) and triangular f(x) probability density functions used in some cases
to model unknown distributions.

probability is zero outside of these limits (see Fig. 7). It can be shown that with
this assumption the Type B standard uncertainty uy is given by:

=2t (53)

Alternatively, if the assumed distribution is triangular and with the same
limits (see Fig. 7), the standard uncertainty can be expressed as:

uy =T (54)

There are thus no rigid rules for estimating Type B standard uncertainties.
The best knowledge and experience to estimate them is needed. In practice,
usually very little is known about the uncertainty distribution and its choice is
somewhat arbitrary. As most of uncertainty sources have Gaussian distribution, it
is preferable to use this model when the exact shape of the distribution is unknown.
But this applies only to situations when the uncertainty is not a dominant part of
the overall uncertainty. In such a case, the uncertainty distribution can be reliably
estimated [363]. The proper use of available information for evaluation of a
Type B uncertainty requires a good general knowledge and experience.
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VIL5.COMBINED UNCERTAINTIES AND EXPANDED
UNCERTAINTIES

Type A and Type B uncertainties are both estimated standard deviations,
so they are combined using the statistical rules for combining variances (which
are squares of standard deviations). If u, and u; are the Type A and the Type B
standard uncertainties of a quantity, respectively, the combined standard
uncertainty u. of that quantity is:

Ue=\ui +u (55)

This equation is strictly valid only provided that the uncertainty sources are
not correlated. The correlation terms have to be considered in the expression for
uc if some of the uncertainties are not completely independent. An example is a
difference or ratio of two measurements made by the same instrument. Details of
a correlation treatment can be found elsewhere [167].

The combined standard uncertainty still has the character of a standard
deviation. If, in addition, it is believed to have a Gaussian probability density,
then the standard deviation corresponds to a confidence limit of about 68%.
Therefore, it is often felt desirable to multiply the combined standard uncertainty
by a suitable factor, called the coverage factor, £, to yield an expanded uncertainty:

U =hkug (56)

Suitable values of the coverage factor are £ = 2 or 3, corresponding to
confidence limits of about 95% or 99%. The approximate nature of uncertainty
estimates, in particular for Type B, makes it doubtful that more than one
significant figure is ever justified in choosing the coverage factor. In any case, it
is important to clearly indicate the numerical value taken for the coverage factor.
The expanded uncertainty is also known under the name ‘overall uncertainty’.

VI1.6. PROPAGATION OF UNCERTAINTIES

The expression ‘propagation of errors’ was part of the statistical terminology
before it became customary to distinguish between errors and uncertainties, and
it is still occasionally used. In order to be consistent with the present terminology,
it is preferable to talk about the propagation of uncertainties.

Let us first consider a practical example. The calibration coefficient
determined by a given calibration laboratory is not only based on various
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measurements performed at the laboratory, but also on correction factors and
physical constants, as well as on a beam calibration traceable to a secondary
laboratory, and ultimately, to a primary laboratory. All these numerical values
contain uncertainties, and they combine to a given final uncertainty in the
calibration coefficient. This situation can be represented in more general terms by
considering a variable y which is a function of a number of variables x,, x,, x5, ...
This can be written in the form:

y=f (3505, ) (57)

In many practical cases, the influence quantities x,, x,, x5, ... are independent
of each other. Then u(y) can be calculated by the simple formula:

u(y):\/[;Tszu2(xl)+(57fj2u2(x2)+[g]2MZ(X3)+... (58)

1 2 3

Two special cases should be mentioned, in particular since they are of great
practical importance and cover most of the usual situations.

If the functional dependence is linear (i.e. for sums or differences) the
following equation applies:

Y=0X +CyXy H 03X+ (59)
where
== 60
¢ ?xl (60)

and c¢; is the sensitivity coefficient for the input quantity x, Then, the
uncertainty on y is:

u(y):\/clzu2(xl)+c%uz(x2)+c32u2(x3)+-~ (61)

Thus, if independent variables are added (or subtracted), the variances
also add. In other words, the uncertainty of the sum is obtained by adding in
quadrature the ‘weighted’ uncertainties of the independent variables, where the
‘weights’ are the squares of the coefficients c|, ¢,, ¢, ... (‘adding in quadrature’
means taking the square root of the sum of the squares).
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The other special case concerns a product (or ratio) of independent
variables. The functional dependence then is:

y=xtxbxl .. (62)

where the exponents a, £, y, ... are constants. In this case, the following expression
for the relative uncertainty on y is obtained from Eq. (62):

r(y):\/azrz(x1)+ﬁzrz(x2)+y2r2(x3)+~-- (63)
where
r(x,)= ”|(xx|) (64)

is the relative uncertainty of x,.

Thus, for a product (or ratio) of independent variables, the relative weighted
variances add, where the weights are the squares of the exponents a, S, 7, ....
A very common case is that of a ratio, y = x,/ x,, where the quantities x, and x,
contain measurements and correction factors. From Eq. (63) the relative variance
on y is equal to the quadratic sum of the relative uncertainties on x, and x,.

The foregoing discussion applies to Type A, Type B, and combined
standard uncertainties, all of which are estimated as to correspond to standard
deviations. The rules for propagation of uncertainty also apply to expanded
uncertainties, provided that everywhere the same coverage factor & has been
used. The uncertainty on published data is generally in terms of an expanded
uncertainty, or some equivalent terminology. This has then to be converted into
a standard deviation, before using it to calculate an uncertainty. If no coverage
factor is stated, it may be assumed to have the value £ = 2.

It is preferable to tabulate both Type A and Type B standard uncertainties
separately. This makes possible later changes easier to perform.
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Technology — National Metrology Institute of Japan
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The brachytherapy process requires consistent
reference dosimetry that is traceable to
metrological primary standards and common
procedures to be followed for reference
dosimetry globally. The code of practice is
addressed to both secondary standards
dosimetry laboratories and hospitals. It fulfils
the need for a systematic and internationally
unified approach to the calibration and use of
vented well-type re-entrant ionization chambers
in determining the strength of brachytherapy
sources with intensities measurable by
such detectors. The dosimetry formalism as
well as common procedures for calibration,
reference dosimetry, reference class instrument
assessment and commissioning of the well-type
ionization chamber system are provided.




