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FOREWORD

In technologically advanced societies, there are many applications and
processes that employ ionizing radiation. In order to use radiation safely and
effectively, it is necessary to be able to measure radiation properly. Dosimetry
is the science of radiation measurement. Knowledge of dosimetry enables
nuclear technology to be applied to meet the needs of society. Medical
radiation dosimetry deals with those applications in which patients are
irradiated for either diagnosis or therapy.

These Proceedings present a refereed selection of papers that were
presented at the International Symposium on Standards and Codes of Practice
in Medical Radiation Dosimetry, held in Vienna from 25 to 28 November 2002.
Over 250 scientists from 62 countries attended the meeting, at which 140 presen-
tations were delivered covering a broad range of topics in medical radiation
dosimetry.

Since the last IAEA meeting on dosimetry (Measurement Assurance in
Dosimetry, held in Vienna from 24 to 27 May 1993), three major activities have
affected progress in medical radiation dosimetry. Firstly, in terms of
measurement technology, much work has gone into perfecting calorimetric
methods for the determination of absorbed dose to water, and so one entire
session of the symposium was devoted to that topic. Secondly, since several
primary standards dosimetry laboratories have developed the capability to
provide instrument calibrations based on their newly refined standards of
absorbed dose to water, the IAEA and other organizations developed new
dosimetry codes of practice using these standards. In the opening session, one
talk focused on the development of dosimetry codes of practice, in particular
the international code of practice published by the IAEA in Technical Reports
Series No. 398, Absorbed Dose Determination in External Beam
Radiotherapy. The third major activity in dosimetry relates to the mutual
recognition arrangement (MRA) of the Comité international des poids et
mesures, which was signed by the laboratories, including the IAEA’s,
responsible for metrology in the field of ionizing radiation standards. One of
the talks in the opening session dealt with the MRA explicitly, but several of
the sessions on comparisons were motivated by the need to establish degrees
of equivalence between the dosimetry standards of different laboratories. The
new standards, the dosimetry protocols that use them and the MRA, which
encourages comparisons, have together raised dosimetry to a new level.

Of course, the requirement for accuracy in dosimetry is driven primarily
by the demands for cancer therapy — too low a dose leaves the patient to die
from cancer and too high a dose may result in a dramatic increase in compli-
cation rates. An overt attempt was made during the symposium to highlight the



link between accuracy in dosimetry and cancer therapy. For example, a plenary
session focused on the impending crisis in cancer management, and regular
scientific sessions dealt with clinical radiotherapy dosimetry and with
radiotherapy dosimetry auditing. In addition, scientific sessions were dedicated
to dosimetry issues in brachytherapy, proton and hadron therapy and
diagnostic radiology. One session was devoted to nuclear medicine, in an
attempt to bridge the gap between the experts who measure radioactivity and
those who deal with quality assurance in nuclear medicine.

The symposium programme comprised 14 scientific sessions, and at the
end of each session there was a brief discussion arising from the material that
had been presented. During these discussions, participants were encouraged to
suggest recommendations that would provide guidance to everyone concerned
with the field of dosimetry. Session 15 contains the list of the participants’
recommendations as summarized by the Chair of the session, P.J. Allisy-
Roberts of the Bureau international des poids et mesures. Many institutions
and organizations have since incorporated elements of these recommendations
into their own work plans. In addition, a meeting of symposium participants
was held at the IAEA in July 2003 in order to draw up a plan of action in
response to the recommendations. This action plan is available from the IAEA
in a separate document entitled International Action Plan on Medical
Radiation Dosimetry.

The IAEA would like to thank the Programme Committee and the co-
sponsoring and collaborating organizations. Special thanks are due to the
session Chairs and Co-chairs who, in advance of the symposium, acted as
referees and editors of the material for their sessions in addition to preparing
their own presentations. Their exceptional contribution increased the level of
scientific interaction, thereby enhancing the success of the symposium. Owing
to the important changes taking place in the field of dosimetry, participants
would like to see the medical physics community hold the next meeting on
medical radiation dosimetry in six years’ time (2008).
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RADIATION DOSE ASSESSMENT 
IN NUCLEAR MEDICINE

M.G. STABIN
Department of Radiology and Radiological Sciences,
Vanderbilt University,
Nashville, Tennessee, United States of America
E-mail: michael.g.stabin@vanderbilt.edu

Abstract

Radionuclides are used in nuclear medicine in a variety of diagnostic and
therapeutic procedures. Recently, interest has grown in therapeutic agents for a number
of applications in nuclear medicine. Internal dose models and methods have been in use
for many years, are well established and can give radiation doses to stylized models
representing reference individuals. Kinetic analyses need to be carefully planned, and
dose conversion factors should be chosen that are most similar to the subject in question
and that can then be tailored to be more patient specific. Such calculations, however, are
currently not relevant in patient management in internal emitter therapy, as they are not
sufficiently accurate or detailed to guide clinical decision making. Great strides are
being made at many centres regarding the use of patient image data to construct
individualized voxel based models for more detailed and patient specific dose
calculations. These recent advances make it likely that the relevance will soon change to
be more similar to that of external beam treatment planning.

1. INTRODUCTION

In any application involving the use of ionizing radiation in humans, risks
and benefits must be properly evaluated and balanced. Radionuclides are used
in nuclear medicine in a variety of diagnostic and therapeutic procedures.
Recently, interest has grown in therapeutic agents for a number of applications
in nuclear medicine, particularly in the treatment of haematologic and non-
haematologic malignancies. This has heightened interest in the need for radia-
tion dose calculations and challenged the scientific community to develop more
patient specific and relevant dose models. Consideration of radiation dose in
such studies is central to efforts to maximize the dose to the tumour while spar-
ing normal tissues. In many applications a significant absorbed dose may be
received by some radiosensitive organs, particularly the active marrow. This
paper reviews the methods and models used in internal dosimetry in nuclear
medicine and discusses some current trends and challenges in this field.

3
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Internal dose estimates currently are not used in the management of indi-
vidual patients in internal emitter therapy in the way that dose information is
used in external beam radiation dose treatment planning. Internal dose calcu-
lations generally are well evaluated during clinical trials to establish the effi-
cacy of and gain approval for new radiolabelled agents. In routine
administrations, however, the same amount of activity is given to most patients,
perhaps with slight adjustments for total body weight or external surface area,
and a careful radiation dose plan to optimize the therapy is not developed for
each patient.The basic reasons for this are that dosimetry analyses are far more
difficult for internal emitters than for external radiation therapy (as patients
must be imaged at multiple times and a fairly complex analysis performed) and
because current models, which are based on stylized models representing aver-
age individuals, do not give dose estimates with the degree of accuracy needed
for such careful analyses. Much attention is being given to improving models,
for both general organs and red marrow; whether this ultimately leads to
greater clinical relevance remains to be seen.

2. CURRENT NUCLEAR MEDICINE APPLICATIONS

Nuclear medicine continues to employ radionuclides such as 99mTc, 67Ga,
18F (a positron emitter), 111In, 123I, 131I and 201Tl in diagnostic procedures. In
developed countries about 25% of such procedures are used to scan bone, 15%
to scan the cardiovascular system, 5% for the thyroid and 10% to scan the liver,
spleen and lung. About 80% of diagnostic nuclear medicine scans are
performed on patients of over 40 years of age [1]. Most therapeutic radiophar-
maceuticals emit beta particles, which travel only a few millimetres in tissue.
The most common procedure is the use of radioactive 131I for the treatment of
hyperthyroidism and thyroid cancer. As in diagnosis, thyroid therapy is given
predominantly to women (male:female ratio, 1:3). The activities of 131I given
orally for hyperthyroidism are 200–1000 MBq, and those for thyroid cancer are
3500–6800 MBq [1]. Other therapeutic uses of unsealed radionuclides include
the administration of monoclonal antibodies, antibody fragments or other tar-
geted molecules to specific markers on the surface of tumour cells. In February
2002 a radiolabelled monoclonal antibody product (90Y labelled Ibritumomab
Tiuxetan, or Zevalin) was approved by the United States Food and Drug
Administration for the therapy of non-Hodgkin’s lymphoma in a limited
patient population [2]. Many other products, labelled with a variety of beta as
well as alpha emitters, are under active study. Investigation also continues into
the use of bone seeking agents (such as 89SrCl, 153Sm EDTMP, 117mSn DTPA
and 188Re HEDP) for the palliative treatment of osseous metastases, at a
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typical intravenously administered activity of 150 MBq. Another bone seeking
nuclide, 166Ho DOTMP [3], is in clinical trials for therapy against multiple
myeloma. In this therapy up to 150 GBq of activity may be administered, in an
attempt to ablate marrow, followed by marrow rescue after the reinfusion of
marrow stem cells harvested from peripheral blood. Marrow doses in this pro-
cedure are obviously extremely high (up to 40 Gy), and doses to secondary
organs such as the kidney are of concern for patient protection.

3. DATA ACQUISITION AND ANALYSIS

To design and execute a good kinetic study it is necessary to collect the
correct data, enough data and express the data in the proper units. The basic
data needed are the fraction (or per cent) of administered activity in important
source organs and excreta samples. It is very important, in either animal or
human studies, to take enough samples to characterize both the distribution
and retention of the radiopharmaceutical over the course of the study. The
following criteria are essential:

(a) Catch the early peak uptake and rapid washout phase;
(b) Cover at least three effective half-times of the radiopharmaceutical;
(c) Collect at least two time points per clearance phase;
(d) Account for 100% of the activity at all times;
(e) Account for all the major paths of excretion (urine, faeces, exhalation,

etc.).

Some knowledge of the expected kinetics of the pharmaceutical is needed for a
good study design. For example, the spacing of the measurements and the time of
the initial measurement will be greatly different if a 99mTc labelled renal agent is
studied, which is 95% cleared from the body in 180 min, or if an 131I labelled anti-
body is studied, which clears about 80% on the first day and the remaining 20%
over the next two weeks. A key point that researchers can overlook is the char-
acterization of excretion. Very often the excretory organs (the intestines and uri-
nary bladder) are the organs that receive the highest absorbed doses, as 100% of
the activity (minus decay) will eventually pass through one or both of these path-
ways at different rates. If excretion is not quantified, the modeller must make the
assumption that the compound is retained in the body and removed only by
radioactive decay. This may not be a problem for very short lived radionuclides,
and in fact may be quite accurate. For moderately long lived nuclides, however,
this can cause an overestimate of the dose to most body organs and an underes-
timate of the dose to the excretory organs, perhaps significantly.

IAEA-CN-96/63 5



Before beginning clinical trials with radiopharmaceuticals, biokinetic data
are usually gathered in animal studies. Organ, blood and excreta measurements
are made either after sacrificing the animal or by using quantitative imaging
methods. Extrapolation to human values of uptake and clearance is far from
certain, but these preliminary data provide a basis for going forward with clin-
ical trials if the results are generally favourable. In clinical studies, quantitative
imaging methods are used to obtain activity in various organs as a function of
time. Planar or single photon emission computed tomography (SPECT) data
may be acquired [4]. Obtaining quantitative estimates of the activity per organ
is an arduous task, requiring careful attention to detail, including corrections
for photon scatter, attenuation, septal penetration and other effects in the
gamma camera [5].When this phase is satisfactorily completed, data may be fit-
ted to multicomponent exponential retention functions or in closed compart-
ment models using the SAAM II software [6] or other tools. Time integrals of
activity are calculated, and these may be used with dose conversion factors
(DCFs) (as discussed below) to obtain radiation dose estimates.

4. DOSE CALCULATION METHODOLOGIES

The principal quantity of interest in internal dosimetry is the absorbed
dose, or the dose equivalent. Absorbed dose, D, is defined [7] as:

where de is the mean energy imparted by ionizing radiation to matter of mass
dm. The units of absorbed dose are typically erg/g or J/kg. The special units are
rad (100 erg/g) or the gray (Gy) (1 J/kg = 100 rad = 104 erg/g). The dose equiv-
alent, H, is the absorbed dose multiplied by a quality factor, Q, the latter
accounting for the effectiveness of different types of radiation in causing bio-
logical effects:

H = DQ

Because the quality factor is in principle dimensionless, the pure units of this
quantity are the same as absorbed dose (i.e. erg/g or J/kg). However, the spe-
cial units have unique names, specifically the rem and sievert (Sv). Values for
the quality factor have changed as new information about radiation effective-
ness has become available. Current values, recommended by the International
Commission on Radiological Protection (ICRP 30) [8], are given in Table I.
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The quantity dose equivalent was originally derived for use in radiation
protection programmes. The development of the effective dose equivalent by
the ICRP in 1979, and of the effective dose in 1991 [9], however, allowed non-
uniform internal doses to be expressed as a single value, representing an
equivalent whole body dose.

A generic equation for the absorbed dose rate in an organ can be shown
as:

where

D is the absorbed dose (rad or Gy);
Ã is the cumulated activity (mCi·h or MBq·s);
n is the number of radiations with energy E emitted per nuclear transition;
E is the energy per radiation (MeV);
j is the fraction of energy absorbed in the target;
m is the mass of the target region (g or kg);
k is the proportionality constant (rad·g·mCi–1·h–1·MeV–1

or Gy·kg·MBq–1·s–1·MeV–1).

It is extremely important that the proportionality constant be properly
calculated and applied. The results of a calculation will be useless unless the
units within are consistent and correctly express the quantity desired. The
application of quality factors to this equation to calculate the dose equivalent
rate is a trivial matter; for most of this section only absorbed doses are
considered.

TABLE  I. QUALITY  FACTORS
RECOMMENDED IN ICRP 30 [8]

Radiation type Quality factor, Q

Alpha particles 20

Beta particles 1

Gamma rays 1

X rays 1

i i i
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4.1. MIRD system for internal dose calculations

The equation for absorbed dose in the MIRD system [10] is deceptively
simple:

D = ÃS

The cumulated activity is there; all other terms must be lumped in the factor S:

The factor k in the MIRD equation is 2.13, which gives doses in rad, from activ-
ity in microcuries, mass in grams and energy in MeV. The MIRD system was
developed primarily for use in estimating radiation doses received by patients
from administered radiopharmaceuticals; it is not intended to be applied to a
system of dose limitation for workers.

4.2. MIRDOSE software and RADAR system

The MIRDOSE computer program [11] was originally developed to elim-
inate the tedium of repetitive internal dose calculations (looking up DCFs from
tables and adding contributions from every source to every target, even if of
minor importance), to automate the calculation of organ doses in nuclear med-
icine. The evolution of the MIRDOSE software continues today. In order to
provide more computer platform independence, M.G. Stabin recently rewrote
the MIRDOSE code entirely in the Java language and incorporated a curve fit-
ting algorithm for kinetic data [12]. The code was renamed OLINDA (Organ
Level Internal Dose Assessment), partly to distinguish it from the activities of
the MIRD Committee (which had expressed concern that the name
MIRDOSE might imply that it was a product of that committee) and partly to
integrate the name into a new unified system of internal and external dose
assessment.

This unified system is deployed on a web site for rapid electronic access
[13].This site, called the Radiation Dose Assessment Resource (RADAR), pro-
vides decay data for over 800 radionuclides, absorbed fractions for all available
stylized phantoms and some voxel phantoms, kinetic data, dose factors (for all
phantoms and nuclides), risk information and other data via electronic transfer
to users worldwide. The resource has several features that make it easier to
understand and use than existing resources in these areas, and it is hoped that
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this will greatly facilitate the work of professionals in the field who need access
to such resources to do their work. As the system will be mostly accessible
through web pages or ftp access, it should be of particular utility to profes-
sionals in developing countries, who may have difficulty obtaining all the nec-
essary documents, data and guidance that they want. In the RADAR system
the number of disintegrations will be called N, and the factor to convert disin-
tegrations to dose will be called a DCF, thus permitting both systems to be
used while learning only one equation, whose terms are perhaps more intu-
itive. For external dose the situation is similar — it is necessary to specify the
number of disintegrations that have occurred in a particular source and then
apply the appropriate DCFs to obtain doses to individual organs, effective
doses, etc.:

A difficulty often encountered with the existing systems is that the pub-
lished results usually appear only as printed text, at various intervals in time.To
use the data, they must be entered by hand into computer programs, spread-
sheets, etc. The RADAR system will be primarily an on-line system in which all
data are available for access electronically, at any time. The system will be kept
up to date at regular intervals. As new models, decay data, DCFs or methods
become available, as soon as they can be incorporated into the RADAR sys-
tem, they will be made available to users.

5. APPLYING DCFs TO PATIENTS

With suitable values for Ã and the DCF a series of dose estimates can be
calculated for a patient. The MIRDOSE 3 software, discussed above, has made
available S values for Reference Man, Reference Woman, paediatric phantoms
and all the pregnant female phantoms. Typical results are shown in Table II.

These dose estimates are based on a standard kinetic model and absorbed
fractions for the adult male phantom in the Cristy–Eckerman phantom series
[14]. If patient specific biokinetic data were to be used for a nuclear medicine
therapy agent with this same phantom, the result would be the same as in
Table II (except that the effective dose quantities may not be used in therapy
applications). These models, however, give the average dose to whole organs
(not dose distributions within organs or tissues with possibly non-uniform
activity distributions), and the reported doses are applicable only to a person
whose size and weight are close to that of the reference individual after which

IAEA-CN-96/63 9

DCF( )T S
S

D N T S= ¨Â



the model was derived. Thus the doses reported with such models really repre-
sent the dose to a phantom, not to a patient. If the biokinetic data to be applied
were taken from the actual patient, then these data would be patient specific.
In diagnostic applications in nuclear medicine, usually a standardized kinetic
model is also applied.

5.1. Adaptation of model based dose estimates to individual patients

Dose estimates can be made more patient specific through mass based
adjustments to the organ doses:

(a) Absorbed fractions for electrons and alphas scale linearly with mass;
(b) Absorbed fractions for photons scale with mass to a power of 1/3.

Generally it is not possible to:

(a) Account for patient specific differences in organ geometry;
(b) Account for patient specific marrow characteristics;
(c) Calculate dose distributions within organs.

To perform real patient specific dose calculations, a patient specific phys-
ical model is needed, to be used with patient specific biokinetic data. A one
dose fits all approach to radiation therapy with these internal emitter treat-
ments is not likely to be effective (owing to the narrow range between tumour
ablation and bone marrow toxicity). Individual patients not only have signifi-
cantly different uptake and retention half-times of activity of the radioactive
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TABLE II. RADIATION DOSE ESTIMATES FOR THE REFERENCE
ADULT FOR 90Y ZEVALIN

Organ mGy/MBq rad/mCi

Liver 4.8 × 100 1.8 × 101

Lungs 2.0 × 100 7.4 × 100

Lower large intestine wall 4.8 × 100 1.8 × 101

Upper large intestine wall 3.6 × 100 1.3 × 101

Red marrow 1.3 × 100 4.8 × 100

Spleen 9.4 × 100 3.5 × 101

Testes 9.1 × 100 3.4 × 101

Urinary bladder wall 9.0 × 10–1 3.3 × 100

Other organs 3.0 × 10–1 1.1 × 100



agent, but also have significantly different physical characteristics and
radiosensitivities. Many cancer patients have failed other treatments, and may
enter radiotherapy with compromised marrow, owing to their previous treat-
ments. Thus their therapies should be optimized, taking into account individual
parameters as much as possible.

If a radiation oncologist or medical physicist for an external beam ther-
apy programme were to be approached and the suggestion made that all
patients with a certain type of cancer should receive the exact same treatment
schedule (beam type, energy, beam exposure time, geometry, etc.), the idea
would certainly be rejected as not being in the best interests of the patient.
Instead, a patient specific treatment plan would be implemented in which treat-
ment times are varied to deliver the same radiation dose to all patients. Patient
specific calculations of doses delivered to tumours and normal tissues have
been routine in external beam radiotherapy and brachytherapy for decades.
The routine use of a fixed GBq/kg, GBq/m2 or simply GBq administration of
radionuclides for therapy is equivalent to treating all patients in external beam
radiotherapy with the same treatment schedule. Varying the treatment time to
result in an equal absorbed dose for external beam radiotherapy is equivalent
to accounting for the known variation in a patient’s physical characteristics and
radionuclide biokinetics to achieve similar tumour doses in internal emitter
radiotherapy, while watching the doses received by healthy tissues.

5.2. Image based, patient specific dose calculations 

Great strides are being made at many centres in the use of patient image
data to construct individualized voxel based models for more detailed and
patient specific dose calculations. Many specially designed computer codes
have been developed for patient specific dosimetry and treatment planning. A
few groups have managed to fuse three dimensional (3-D) anatomical data,
from computed tomography (CT) or magnetic resonance imaging images, with
3-D data on radionuclide distribution, from SPECT or positron emission
tomography images, to provide a 3-D representation of the radionuclide distri-
bution in the tissues of the patient. Efforts in this area include the 3D-ID code
from the Memorial Sloan-Kettering Cancer Center, United States of America
[15], the SIMIND code from the University of Lund, Sweden [16], the RMDP
code from the Royal Marsden Hospital, United Kingdom [17], the VOXEL-
DOSE code from Rouen, France [18], and the SCMS code from Vanderbilt
University, United States of America [19]. Most of these codes are still research
tools and have not yet entered the clinical area. The code with the most clinical
experience to date is the 3D-ID code. This code produces 3-D dose distribu-
tions as well as dose–volume histograms (functions that show which fraction of
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an organ received what dose) for normal organs and tumours. The RMDP and
VOXELDOSE codes combine the MIRD voxel source kernels for soft tissue
with beta point kernels to give dose distributions in unit density soft tissue
regions of the body. The SCMS code uses MCNP Monte Carlo software to
transport electrons and photons in heterogeneous voxel based phantoms, using
fused CT and SPECT image data. Reference [19] shows an example of how dif-
ferent the geometries of the standardized phantom may be from those of real
human subjects, in a figure (Fig. 1) showing the difference between the gastro-
intestinal tract and liver–kidney regions of the Cristy–Eckerman adult male
phantom and that of the voxel based 75 kg individual image provided by the
group at Yale [20].

5.3. Other patient specific modifications

Knowledge continues to evolve about bone and marrow dose models and
their appropriate application to individual patients in therapy. Much has been
learned recently about patient specific adjustments to model based marrow
dose estimates and about the use of biomarkers to indicate an individual
patient’s ability to tolerate radiation dose to the marrow [21]. Some data con-
cerning dose–response relationships for tumours have also been established
[22].

6. CONCLUSIONS

Internal dose models and methods in use for many years are well estab-
lished and can give radiation doses to stylized models representing reference
individuals. Kinetic analyses need to be carefully planned, and DCFs should be
chosen that are most similar to the subject in question and that can then be
tailored somewhat to be more patient specific. Such calculations, however, are
currently not relevant in patient management in internal emitter therapy, as
they are not sufficiently accurate or detailed to guide clinical decision making.
This is currently an area of active inquiry, and recent advances make it likely
that the relevance will soon change to be more similar to that of external beam
treatment planning.
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Abstract

Accurate radioactivity measurements in the clinic are vital for ensuring that
administered doses of radiopharmaceuticals are safe and effective. This accuracy is
achieved both in the development phase of the drug and in its clinical application, when
the instrumentation used is calibrated in a way that is traceable to national or
international standards. For nearly 30 years the National Institute of Standards and
Technology has maintained a dedicated programme aimed at developing and
distributing reference sources and providing calibration services to the nuclear medicine
community in North America. The result has been an overall improvement in
measurement protocols by isotope producers and radiopharmaceutical manufacturers.
The current emphasis of the programme is the development of secondary standards that
can be used to enable a similar improvement in measurements in the clinic. The paper
discusses the need for radioactivity standards in nuclear medicine and provides a review
of this programme.

1. INTRODUCTION: THE NEED FOR STANDARDS 
AND TRACEABILITY

The accuracy of radioactivity measurements in nuclear medicine is a pri-
mary determinant of the safety and efficacy of radionuclide based therapy.
Dose estimates for radiopharmaceuticals are based on calculational models
that use biodistribution information to predict the uptake of the drug, as well
as radiation transport codes that predict the amount of absorbed radiation
from the decaying radioactive component. Most of these Monte Carlo radia-
tion transport codes express the calculated dose in terms of a dose per initial
source particle (Gy/particle). Confirmation of the doses predicted from these
transport codes can often be made by comparing the results of the calculations
with experimental dosimetry and radioactivity measurements, and are
expressed in units of Gy/s and Bq (decays/s), respectively.

17
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The relationship between Monte Carlo calculations and experimental
measurements is depicted in Fig. 1. The number of particles per decay having a
particular energy is determined from the nuclear decay scheme and atomic
data (in the case of X rays and Auger electrons); therefore, these values must
be well determined in order to have the correct input energy spectrum for the
theoretical calculations. In most cases the radioactivity component of this type
of analysis is the one that is available with the best accuracy and precision, since
the current state of technology for experimental dosimetry limits the uncer-
tainty on such measurements to several times the uncertainty on the radioac-
tivity determinations. Variability in the assumed biodistribution can also limit
the accuracy of this analysis. However, accurate knowledge of the activity can
reduce the overall uncertainty in the analysis.

In clinical practice the amount of the drug that is to be given to the
patient is expressed in terms of the amount of radioactivity to be injected, and
not the dose rate. It is therefore imperative to make an accurate assessment
of the amount of radioactivity contained in the drug prior to its administra-
tion. This is most often done in the radiopharmacy using re-entrant ionization
chambers, known as ‘dose’ or ‘radionuclide’ calibrators. While these instru-
ments are, in principle, very simple to use, they require the instrument to be
correctly calibrated. The electric current observed in the chamber as a result
of the interaction of the chamber gas and the radiation emitted from the
radioactive drug is related to the amount of activity present, and is different
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FIG. 1. Relationship between Monte Carlo modelling results (in units of Gy/particle),
experimental dosimetry measurements (in Gy/s) and radioactivity measurements (in Bq
or decays/s). The conversion between decays/s and particles/s is made through knowledge
of the decay scheme. Only through the combination of accurate dosimetry and radio-
activity measurements can modelling results be compared with experimental results.



for each radionuclide, being dependent upon the decay scheme. The conver-
sion factor relating the observed current to an activity for the nuclide being
measured is only accurate if a standard of that radionuclide is used in per-
forming the calibration.

Finally, radioactivity standards also play an important role in the devel-
opment of new radiopharmaceuticals.The consistency of dose estimates among
a group of sites participating in clinical trials can only be ensured when the
activity measurements are made in such a way as to be traceable to a single ref-
erence point. This is particularly important for multicentre trials, in which clin-
ical sites in different locations (sometimes in different countries), using
different types of instrument (from various manufacturers), make activity mea-
surements that ultimately must be compared in order to draw conclusions
about efficacy. The only way to ensure this is for each detection device used in
the study to be calibrated using appropriate standards.

The Radioactivity Group of the National Institute of Standards and
Technology (NIST) has an extremely active programme aimed at ensuring
good radioactivity measurements at all levels of nuclear medicine practice in
North America, and is the only national metrology institute to have a pro-
gramme specifically aimed at the development of standards for medicine. This
is done through an integrated programme that includes the continuous devel-
opment of standards for new radionuclides under investigation for nuclear
medicine applications, the development of secondary and transfer standards
that allow clinical measurements to be made in such a way as to be directly
traceable to those made at NIST, on-demand calibration services and a quality
assurance programme that establishes NIST traceability for radiopharmaceuti-
cal manufacturers and isotope producers.

The relationship between NIST measurements and traceability from the
various parts of the nuclear medicine community is depicted in Fig. 2. Typically,
direct traceability is achieved only at the manufacturing and radiopharmacy
levels since, in those instances, measurements are made directly against NIST
calibrated sources. Secondary traceability for measurements can often be found
in the radiopharmacy and clinic, but this requires that an unbroken chain of
measurements exists back to NIST, which is often difficult to maintain. For
example, if the radiopharmacy having direct traceability to NIST distributes a
calibration source of a radionuclide in a syringe, and the clinic uses that same
source to calibrate its instrumentation, then a direct link exists from the clinic
back to NIST, and the calibration would be traceable for that radionuclide. If,
however, the calibrated solution was shipped from the same radiopharmacy in
a dose vial and the solution was taken up into a syringe at the clinic, the mea-
surement of the amount of activity in the syringe is no longer traceable, since
there is no direct comparison of the syringe back to its source.
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2. MEASUREMENT QUALITY ASSURANCE FOR THE
RADIOPHARMACEUTICAL INDUSTRY

An important aspect of the entire programme is the fact that all its func-
tions are a response to issues raised during close interactions with researchers,
manufacturers, radiopharmacies and clinical workers. Most of the research pro-
jects conducted as part of the overall programme were initiated at the request
of the user community. Additionally, the Measurement Assurance Programme
(MAP) was formed as a direct result of the need of radiopharmaceutical man-
ufacturers and isotope suppliers to have a third party mediate in measurement
disputes. The aim now is to establish good measurement practice so that
conflicts do not arise.

The cornerstone of the overall nuclear medicine standards programme at
NIST is the NIST/Nuclear Energy Institute MAP, which focuses on performance
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FIG. 2. Pathways for measurement traceability from different parts of the nuclear medi-
cine community back to national standards (NIST). Solid arrows indicate pathways hav-
ing direct traceability, while dotted arrows indicate possible pathways of secondary
traceability.
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based testing of the primary producers of radiopharmaceuticals and radioiso-
topes. The participants are most of the isotope suppliers, commercial radiophar-
macies and radiopharmaceutical manufacturers in North America.Ten times per
year (once per month for 10 months), solutions of a single radionuclide are cali-
brated for radioactivity content and distributed as blind samples to the partici-
pants, who perform activity measurements exactly as would normally be done in
their facility and report the values back to NIST. The participants’ results are
compared to the NIST calibrated activity value and a Certificate of Traceability
is issued to document the degree to which the measurements are traceable to
NIST. Should any problems be evident in the measurement results, NIST and the
participant work together to attempt to resolve the issues and will often attempt
a second measurement trial.

The nuclides to be distributed are decided upon by the participants in the
MAP, and this generally reflects the primary nuclides of interest to their respec-
tive institutions or companies. This, in turn, is indicative of the trends for
radionuclide use in nuclear medicine in North America. The current distribu-
tion schedule, which is shown in Table I, has remained essentially unchanged
since 1998. Only participants in the programme are entitled to receive the high
level solutions as blind samples for the purposes of establishing traceability.
The low level solutions are available for purchase by non-participating clinics,
universities and companies, but they are distributed only as Standard
Reference Materials (SRMs) with a certified activity value for use in calibrat-
ing instrumentation. The use of these SRMs does not establish traceability for
the user for the purposes of regulatory compliance, but does provide a means
for users to calibrate their instruments with NIST standard sources.

During the two months in which there is no radionuclide scheduled for
distribution, participants have the option of submitting samples of any previ-
ously standardized radionuclide for calibration by NIST. This provides oppor-
tunities not only to receive calibrated solutions for the nuclides included in the
normal yearly distribution, but also to receive more than a single SRM for a
particular nuclide during the year.

Since its inception, the primary goal of the MAP has been to establish and
maintain good measurement practice in nuclear medicine at the manufacturing
level. By conducting yearly performance tests for a particular radionuclide and
repeating this for a number of nuclides, manufacturers obtain continuous feed-
back on the state of their measurement capabilities.This is an important part of
the documentation required to demonstrate compliance with various govern-
ment regulations. Figure 3 shows a histogram of all the measurement results for
131I that have been submitted by participants over the more than 25 years that
this nuclide has been distributed. The bulk of the results were found to be
within 5% of the NIST calibrated value, which is well within the regulatory



limit of 10%. In fact, most of the results outside the 5% limits are from the early
days of the MAP, before the measurement processes used by the participants
were brought under control. Today, most of the submitted results are within
2–3% of the NIST value.

ZIMMERMAN22

TABLE I. CURRENT DISTRIBUTION SCHEDULE FOR CALIBRATED
SOLUTIONS OF RADIONUCLIDES FROM THE NIST/NUCLEAR
ENERGY INSTITUTE MAP

Nominal activity Nominal activity
Month Radionuclide in 5 mL in 5 mL

(high level) (low level)

January 131I 750 MBq 25 MBq

February 99Mo 3 GBq 75 MBq

March 133Xe 7.5 GBq 750 MBq

April 67Ga 375 MBq 20 MBq

May Open — —

June 201Tl 225 MBq 35 MBq

July 153Sm 375 MBq 20 MBq

August 111In 375 MBq 20 MBq

September 99mTc 7.5 GBq —

October 125I 750 MBq 6 MBq

November Open — —

December 90Y 200 MBq 20 MBq

Note: Solutions with high level activities are only available to MAP participants, while
the lower level solutions are available to non-participating organizations. During the
months denoted ‘Open’, participants can submit samples of any previously standardized
radionuclide for calibration.



3. DEVELOPMENT OF RADIOACTIVITY STANDARDS FOR
NUCLEAR MEDICINE

Another important part of the nuclear medicine quality assurance pro-
gramme at NIST centres around providing standards for new radionuclides
being considered for use in nuclear medicine. This includes the standardization
of an ever growing list of radionuclides of interest for both therapy and
diagnosis. Performing a primary standardization for a new radionuclide is a
time and labour intensive undertaking, requiring a large number of measure-
ments on many samples in order not only to determine accurately the amount
of radioactivity in the sample being standardized but also to understand and
characterize the uncertainties involved in the measurement process. A typical
experimental scheme for a primary standardization is depicted in Fig. 4.
Primary standardizations have recently been performed by NIST on such
radionuclides as 188W (in equilibrium with 188Re) [1], 177Lu [2], 62Cu [3] and
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177mSn [4]. Experiments are currently in progress to standardize the alpha
emitter 211At.

The first step in the development of a new standard is the accurate mea-
surement of the activity concentration, also known as the massic activity (in
units of Bq/g), of a solution containing the radionuclide of interest. Because
most radionuclides currently in use in nuclear medicine are beta emitters, the
preferred method for making activity measurements is liquid scintillation
counting (LSC).This method provides extremely high detection efficiencies (of
the order of 95–99%) for nuclides with beta endpoint energies above a few
hundred keV and requires relatively simple sample preparation.

Despite the advantage that LSC has over techniques for measuring beta
emitters, it is always desirable to perform activity measurements with more
than a single technique; techniques that measure different types of radiation
should preferably be employed. For example, LSC might be the primary detec-
tion technique for measuring a beta emitting radionuclide such as 166Ho, but
confirmatory activity measurements should also be carried out using gamma
ray spectrometry, taking advantage of the fact that this radionuclide also emits
a number of gamma rays in its decay. By obtaining the same measurement
result with two or more different independent techniques measuring different
types of radiation, there can be reasonable assurance that the result is correct.

Another consideration when performing a standardization is the pres-
ence of radionuclidic impurities. Because the radiations emitted by decaying
impurities can interfere with the measurement of the nuclide of interest, it is
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imperative that the solution being measured be as free from these interferences
as possible. In some cases it may even be necessary to chemically remove some
of the impurities prior to measurement. In the case of most solutions prepared
for use in nuclear medicine, the impurities have already been removed in
preparation for use as a drug product and are, therefore, less of a concern.
Despite the best efforts to completely remove impurities, they are often present
in small amounts and must be quantified so that the appropriate corrections
can be made. Since most radionuclides emit some sort of photon radiation, they
can be identified and quantified using high purity germanium detectors
calibrated for energy and efficiency.

Once the solution has been calibrated for massic activity, gravimetrically
related sources are prepared for measurement in the NIST 4pg ionization
chamber. The result of these measurements will be a calibration factor for the
ionization chamber that will allow subsequent measurements of solutions of that
radionuclide to be made in that instrument. This is generally referred to as a
secondary standard. Although LSC is a very accurate and relatively simple
technique for measuring activity, counting times and the amount of time
required for data reduction and analysis can be somewhat long. Measurements
in the ionization chamber are quick and require minimal data analysis, resulting
in much more rapid results and higher measurement throughput.

4. DEVELOPMENT OF TRANSFER STANDARDS FOR 
CLINICAL MEASUREMENTS

In addition to the development of the primary standards mostly of
interest to metrology laboratories, there is a strong effort in the programme to
develop ways to make the primary measurements relevant in a clinical, manu-
facturing or research setting. This involves the derivation of calibration factors
for the commercially available instrumentation, such as re-entrant ionization
chambers (dose calibrators), currently used in many hospitals and clinics
around the world. Because these devices respond only to photon radiation, the
measurement of radionuclides whose decay schemes involve low energy
gamma or X ray emissions (such as 125I, 166Ho, 186Re and 177Lu) or which are
pure beta emitters (which produce photons in the form of bremsstrahlung) can
be very sensitive to any changes in the measurement geometry, which can: (a)
vary the attenuation of the radiation of the source; (b) alter the spectrum of the
emitted radiation, especially the bremsstrahlung; and/or (c) change the
response of the measuring instrument to the source radiation. Such changes in
the geometry that can cause this type of effect are differences in solution den-
sity, differences in container material and configuration, the filling volume of
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solution in the container and the position of the container in the measuring
instrument.

Since the activity measurements can be sensitive to these types of mea-
surement variables, it is necessary to derive the calibration factor for the exact
geometry in which the radionuclide will be measured in the clinic, or at the
very least determine the correction factors needed to obtain the correct activ-
ity value using a single calibration factor. Normally standards are developed at
NIST in a single, standard geometry, which is 5 mL of solution in a 5 mL thin
walled flame-sealed glass ampoule. Several instrument manufacturers have
also adopted the same geometry in determining calibration factors for
different radionuclides using their instruments. However, this type of container
does not have much practical use in a clinical or manufacturing setting. For this
reason, the main focus of research for the programme during the past five years
has involved the determination of calibration factors for nuclides such as 90Y,
125I [5], 186Re [6], 188Re [7] and 166Ho in various geometries, including syringes
and dose vials, for a variety of commercially available re-entrant ionization
chambers.

5. CONCLUSION 

The quality of radioactivity measurements made in the clinic and in the
manufacturing sector plays a vital role in the quality of care received by the
patient. The administration of accurate doses of established radiopharmaceu-
ticals depends on having measurement instruments calibrated against
standardized sources. Moreover, the determination of correction factors
appropriate for measurement geometries other than those in which the original
calibration factor was derived makes it possible to make measurements in
those geometries in ways that can still be related to existing standards. NIST
has an active programme aimed at improving measurement quality assurance
in nuclear medicine at all levels: isotope producer, radiopharmaceutical
manufacturer, researcher and clinical user. This is accomplished by the
continuous development of standards for the radionuclides being considered
for use in nuclear medicine applications, as well as the implementation of a
quality assurance programme for the industrial sector. By maintaining strong
interactions with the nuclear medicine community, the requirements for
standards and calibrations can be anticipated and established when they are
needed.
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Abstract

The use of the Monte Carlo method to simulate radiation transport has become
the most accurate means of predicting absorbed dose distributions and other quantities
of interest in radiation treatments of cancer patients using either external or
radionuclide radiotherapy. This trend has continued for the estimation of absorbed dose
in diagnostic procedures using radionuclides as well as for the assessment of image
quality and the quantitative accuracy of radionuclide imaging. As a consequence of this
generalized use, many questions are being raised, primarily about the need for and
potential of Monte Carlo techniques, but also about how accurate they really are and
what it would take to apply them clinically and to make them available widely to the
nuclear medicine community at large. Many of these questions will be answered when
Monte Carlo techniques are implemented and used for more routine calculations and
for in-depth investigations. The conceptual role of the Monte Carlo method is briefly
introduced in the paper, followed by a survey of its different applications in diagnostic
and therapeutic nuclear medicine. Please note that, due to limited space, the references
contained herein are for illustrative purposes and are not inclusive; no implication that
those chosen are better than others not mentioned is intended.

1. CONCEPTUAL ROLE OF MONTE CARLO SIMULATIONS

The Monte Carlo method describes a very broad area of science, in which
many processes, physical systems and phenomena are simulated by statistical
methods employing random numbers. The general idea of Monte Carlo analy-
sis is to create a model as similar as possible to the real physical system of inter-
est and to create interactions within that system based on known probabilities
of occurrence, with random sampling of the probability density functions
(PDFs). As the number of individual events (called histories) is increased, the
quality of the reported average behaviour of the system improves, meaning that
the statistical uncertainty decreases. Almost any complex system can in princi-
ple be modelled; perhaps there is a desire to model the number of cars passing
a particular intersection during certain times of the day, to optimize traffic
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management, or to model the number of people that will make transactions in
a bank, to evaluate the advantages of different queuing systems. If the distrib-
ution of events that occur in a system is know from experience, a PDF can be
generated and sampled randomly to simulate the real system. A detailed
description of the general principles of the Monte Carlo method is given in
Refs [1, 2].

In the specific application of interest in this paper, the transport of ioniz-
ing radiation particles is simulated by the creation of particles or rays from a
defined source region, generally with a random initial orientation in space, with
tracking of the particles as they travel through the system, sampling the proba-
bility PDFs for their interactions to evaluate their trajectories and energy depo-
sition at different points in the system. The interactions determine the
penetration and motion of particles, but, more importantly, the energy
deposited during each interaction gives the radiation absorbed dose, when
divided by the appropriate values of mass. With sufficient numbers of interac-
tions the mean absorbed dose at points of interest will be given with acceptable
uncertainties.The central issues include how well the real system of interest can
be simulated by a geometrical model, how many histories (i.e. how much com-
puter time) are needed to obtain acceptable uncertainties (usually around 5%,
no more than 10%) and how can measured data be used to validate theoretical
calculations.

Monte Carlo techniques have become one of the most popular tools in
different areas of medical physics, following the development and subsequent
implementation of powerful computing systems for clinical use [3]. In
particular, they have been extensively applied to simulate processes involving
random behaviour and to quantify physical parameters that are difficult or
even impossible to calculate analytically or to determine by experimental
measurements. The applications of the Monte Carlo method in medical
physics cover almost all topics, including radiation protection, diagnostic
radiology, radiotherapy and nuclear medicine, with an increasing interest in
exotic and new applications such as intravascular radiation therapy, boron
neutron capture therapy and synovectomy. With the rapid development of
computer technology, Monte Carlo based treatment planning for radiation
therapy is becoming practicable.

This paper briefly reviews the conceptual role of the Monte Carlo method
and summarizes its application in diagnostic and therapeutic nuclear medicine.
Emphasis is given to applications in which photon and/or electron transport in
matter is simulated. The historical developments and computational aspects of
the Monte Carlo method, mainly related to random number generation, sam-
pling and variance reduction, together with a description of widely used Monte
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Carlo codes in diagnostic and therapeutic nuclear medicine, fall outside the
scope of this paper and are discussed elsewhere [1–4].

2. DEVELOPMENT OF ANTHROPOMORPHIC MATHEMATICAL
AND VOXEL BASED PHANTOMS

Computerized anthropomorphic phantoms can be defined either by
mathematical (analytical) functions or digital (voxel based) volume arrays
[4]. Analytic phantoms consist of regularly shaped continuous objects defined
by combinations of simple mathematical geometries, whereas voxel based
phantoms are mainly derived from segmented tomographic images of the
human anatomy obtained by either X ray computed tomography (CT) or
magnetic resonance imaging (MRI). Any complex activity and corresponding
attenuation distributions can therefore be modelled. Analytical phantoms,
however, have the advantage of being able to model anatomical variability
and dynamic organs easily.The mathematical specifications for phantoms that
are available assume a specific age, height and weight. People, however,
exhibit a variety of shapes and sizes.

The first breakthrough in the use of Monte Carlo techniques was the
development of the Fisher–Snyder heterogeneous, hermaphrodite,
anthropomorphic model of the human body in the 1970s [5]. This phantom
consisted of spheres, ellipsoids, cones, tori and subsections of such objects,
combined to approximate the geometry of the body and its internal structures.
The representation of internal organs with this mathematical phantom is very
crude, since the simple equations can only capture the most general description
of an organ’s position and geometry. The original phantom developed was
intended mainly to represent a healthy average adult male, which well
characterized the working population of its time. The phantom did have both
male and female organs, but most structures represented the organs of
Reference Man, as defined by the International Commission on Radiological
Protection (ICRP) from an extensive review of medical and other literature,
restricted primarily to European and North American populations. Both due to
the makeup of the nuclear medicine population and the diversifying worker
population, the need for other phantoms arose.

In 1987 Cristy and Eckerman [6] of the Oak Ridge National Laboratory
(ORNL) developed a series of phantoms representing children of different
ages, one of which (the 15 year old) also served as a model for the adult female.
Bouchet and Bolch [7] developed a series of five dosimetric head and brain
models to allow more precise dosimetry in paediatric neuroimaging
procedures. More recently, a new rectal model and a dynamic urinary bladder
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model have also been proposed. To develop more patient specific dosimetry,
new mathematical models for adults of different height have been developed
using anthropometric data. Mathematical anthropomorphic phantoms are
continuously being improved. Recent three and four dimensional computer
phantoms seek a compromise between ease of use, flexibility and the accurate
modelling of populations of patient anatomies, and attenuation and scatter
properties as well as biodistributions of radiopharmaceuticals in patients.
Current developments are aimed at computer phantoms that are flexible while
providing the accurate modelling of patient populations. The use of dynamic
anthropomorphic phantoms in Monte Carlo simulations is becoming possible,
owing to the increasing availability of computing power. This includes the
development of appropriate primitives that allow the accurate modelling of
anatomical variations and patient motion, such as superquadrics and non-
uniform rational B spline surfaces [8].

Modelling for imaging and dosimetry applications is best done with phan-
tom models that match the gross parameters of an individual patient.
Anthropomorphic phantoms with internally segmented structures make clini-
cally realistic Monte Carlo simulations possible. Zubal et al. [9] developed a typ-
ical anthropomorphic voxel based adult phantom by the manual segmentation of
CT transverse slices of a living human male performed by medical experts. A
computerized three dimensional (3-D) volume array modelling all the major
internal structures of the body was then created. Each voxel of the volume con-
tains an index number designating it as belonging to a given organ or internal
structure. These indexes can then be used to assign a value, corresponding to, for
example, density or activity. The phantom data are available as a 128 × 128 × 246
matrix with a cubic resolution of 4 mm.The same group has also developed a high
resolution brain phantom based on an MRI scan of a human volunteer, which
can be used for detailed investigations in the head. The torso phantom was fur-
ther improved by copying the arms and legs from the Visible Human (VH) and
attaching them to the original torso phantom. However, the arms of the VH were
positioned over the abdominal part, which limited the usefulness of the phantom
for simulations of whole body scanning. This problem was tackled by mathemat-
ically straightening the arms out along the phantom’s side [10]. More recently, a
new voxel based whole body model, called VIP-Man, has been developed using
high resolution transversal colour photographic images obtained from the
National Library of Medicine’s VH Project [11]. A group at the National
Research Center for Environment and Health (GSF) in Germany has also been
developing some voxel based phantoms.The GSF voxel phantom family tends to
cover persons of individual anatomy and includes at the moment two paediatric
and five adult phantoms of both sexes, different ages and stature, and several
others are under construction [12].
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3. MONTE CARLO TECHNIQUES IN NUCLEAR 
MEDICINE DOSIMETRY

3.1. Calculation of absorbed fractions

There is broad consensus in accepting that the earliest Monte Carlo cal-
culations in medical physics were made in the area of nuclear medicine, for
which the technique was used for dosimetry modelling and computations.
Formalism and data based on Monte Carlo calculations, developed by the
Medical Internal Radiation Dose (MIRD) Committee of the Society of
Nuclear Medicine, have been published as pamphlets in a series of supplements
to the Journal of Nuclear Medicine, the first one in 1968 [13]. Some of these
pamphlets made extensive use of Monte Carlo calculations to derive specific
absorbed fractions (AFs) for photon sources uniformly distributed in organs of
mathematical phantoms. This was extended later to electrons [14], beta parti-
cles and positron emitters [15].

Monte Carlo calculations for photons were performed using a computer
code called ALGAM, which created photons at random positions within any
source region (organ or tissue), gave these photons a random orientation in 4p
space and then followed them through various Compton and photoelectric
interactions (coherent scattering was neglected because of its low contribution
to the total cross-section, and pair production events were quite rare, as start-
ing energies did not exceed 4 MeV) until the photon reached a certain critical
low cut-off energy and was assumed to be locally absorbed, or until it escaped
the surface of the body (at which point the probability of scatter from an air
molecule and redirection towards the body was assumed to be negligibly low).
With repeated sampling of the source, which at this time generally involved
only tens of thousands of trials (histories), a statistical average behaviour of
particles originating in this source could be obtained for other regions of the
body of interest to radiation dose assessment (target regions). This behaviour
was reported as the fraction of energy emitted in the source that was absorbed
in a target (AF), with an associated uncertainty (reported as the coefficient of
variation). These AFs were thus a considerable improvement over the values
given in ICRP Publication 2, as the organ geometries were more realistic, and,
more importantly, the organs could irradiate each other, whereas in the ICRP
2 model an organ could irradiate only itself. These AFs were used later by the
ICRP in updated assessments for workers; of more interest for this paper is that
they found a more immediate application in dose assessments for nuclear med-
icine patients, owing to the monumental efforts of the newly formed MIRD
Committee. In a flurry of publications in its early years, this committee pub-
lished decay data, methods for kinetic analyses, the AFs from the ALGAM



calculations, dose conversion factors for over 100 nuclides of interest to nuclear
medicine, dose calculations for various radiopharmaceuticals, methods for
small scale dose calculations with electrons, and other interesting practical sci-
entific documents. AFs for these phantoms were developed using the
ALGAMP code (the P signifying a parameterized version of the code, allowing
the substitution of parameters giving the radii and positions of the various
organs at different ages). These values were published in an ORNL document,
but never officially adopted in the MIRD or other peer reviewed literature.
Nonetheless, they were widely accepted and used for dose calculations for indi-
viduals of different ages.

Previously calculated AFs for unit density spheres in an infinite unit den-
sity medium for photon and electron emitters have been recently re-evaluated
using both the EGS4 and MCNP-4B Monte Carlo codes. Moreover, Stabin and
Yoriyaz [16] used the MCNP-4B code to calculate AFs for photons in the voxel
based phantom of Zubal et al. [9], and the results were compared with refer-
ence values from traditional MIRD and ORNL phantoms, while Chao and Xu
[17] used the EGS4 code to estimate specific AFs from internal electron emit-
ters for the VIP-Man model with energies from 100 keV to 4 MeV.

The application of the Monte Carlo method to internal radiation dosime-
try is further emphasized in two recent MIRD pamphlets. In MIRD Pamphlet
No. 15 [18] the EGS4 Monte Carlo radiation transport code was used to revise
substantially the dosimetric model of the adult head and brain originally pub-
lished in MIRD Pamphlet No. 5 [5]. Pamphlet No. 17 [19] demonstrates the util-
ity of the MIRD formalism for the calculation of the non-uniform distribution
of radiation absorbed dose in different organs through the use of radionuclide
specific S values defined at the voxel level. Figure 1 shows absorbed fractions
for monoenergetic photons (the source and target are confounded) calculated
using the EGS4 Monte Carlo system as a function of voxel size.

3.2. Derivation of dose point kernels

In most cases Monte Carlo calculations are used to simulate the random
distribution of sources or targets, whereas the actual dosimetric calculation is
performed using so called dose point kernels. Such kernels, usually spherical
and calculated for monoenergetic sources, describe the pattern of energy
deposited at various radial distances from photon and electron or beta point
sources. Dose point kernels can be calculated using analytical or Monte Carlo
methods. Hybrid approaches (analytical calculations using Monte Carlo data)
have also been considered to decrease the computation time [20]. Three Monte
Carlo systems have mainly been used for this purpose, namely ETRAN, the
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ACCEPT code of the ITS system and EGS4. Limitations and constraints of
some of these codes have been reported in the literature; their impact on the
calculated kernels is difficult to evaluate. ETRAN, for instance, had an incor-
rect sampling of the electron energy loss straggling, which has been corrected
for in the ITS3 system (based on ETRAN). EGS4 did not include the accurate
electron physics and transport algorithms, which have been incorporated in the
recent EGSnrc system. Furhang et al. [21] generated photon point dose kernels
and absorbed fractions in water for the full photon emission spectrum of the
radionuclides of interest in nuclear medicine by simulating the transport of par-
ticles using Monte Carlo techniques. The kernels were then fitted to a
mathematical expression.

A unified approach for photon and beta particle dosimetry has been
proposed by Leichner [22] by fitting Berger’s tables for photons and electrons
to generate an empirical function that is valid for both photons and beta
particles. Both point kernel and Monte Carlo techniques can therefore be
effectively employed to calculate absorbed dose to tissue from radionuclides
that emit photons or electrons. The latter are computationally much more
intensive; however, point kernel methods are restricted to homogeneous tissue
regions that can be mathematically described by analytical geometries, whereas
Monte Carlo methods have the advantage of being able to accommodate
heterogeneous tissue regions with complex geometric shapes.
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3.3. Patient specific dosimetry and treatment planning

To perform real patient specific dose calculations, a patient specific phys-
ical model to be used with patient specific biokinetic data is required.
Individual patients not only have significantly different uptake and retention
half-lives of activity of the radioactive agent, but also have significantly differ-
ent physical characteristics and radiosensitivities. If our goal is to optimize
patient therapies, their individual parameters should be accounted for as much
as possible during treatment planning. Currently, the preferred strategy with
radiolabelled antibodies is to use personalized patient dosimetry, and this
approach may become routinely employed clinically. The dose distribution pat-
tern is often calculated by generalizing a point source dose distribution [23], but
direct calculation by Monte Carlo techniques is also frequently reported, since
it allows media of inhomogeneous density to be considered [24].

The development of a 3-D treatment planner based on nuclear imaging is
an area of considerable research interest, and several dose calculation
algorithms have been developed [2]. Figure 2 lists the essential steps required
in developing a 3-D treatment planning program for radioimmunotherapy
(RIT). Projection data acquired from an emission tomographic imaging system
are processed to reconstruct transverse section images, which yields a count
density map of source regions in the body. This count density is converted to an
activity map using the sensitivity derived from a calibration phantom. In the
final step this activity distribution is converted to a dose rate or dose map,
either by convolving the activity distribution with dose point kernels or by
direct Monte Carlo calculations.To elaborate a treatment plan for an individual
patient, prospective dose estimates can be made by using the tracer activity of
a radiolabelled antibody to obtain biodistribution information prior to the
administration of a larger therapeutic activity. The clinical implementability of
treatment planning algorithms will depend to a significant extent on the time
required to generate absorbed dose estimates for a particular patient.

Many specially designed software packages have been developed for
patient specific dosimetry and treatment planning. The MABDOSE and
DOSE3D computer codes adapt the standard geometrical phantoms, allowing
the placement of a single or multiple tumours in various locations to estimate
dose contributions from these tumours to normal organs, but they do not at
present use patient images. These codes work with stylized representations of
average individuals, and give the average dose to whole organs. The RTDS code
employs either the standard MIRDOSE phantom set or its own transport
algorithms in a limited body space, based on voxel source kernels to produce
average organ doses or dose distributions within specified organs or tissues of
the body. More sophisticated approaches combine anatomical (CT or MRI) and
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functional radionuclide (single photon emission computed tomography
(SPECT) and positron emission tomography (PET)) images to compute patient
specific absorbed dose distributions and dose–volume histograms similar to the
treatment planning programs used in external beam radiotherapy. Several
software packages have been devised and validated by different research
groups, including the 3D-ID code, SIMDOS and its more recent version based
on the EGS4 system, the RMDP package, and the SCMS code. A detailed
description of some of these tools is provided in Ref. [2]. It is worth emphasizing
that, with some exceptions, very few have been used in clinical environments.

4. MONTE CARLO TECHNIQUES IN NUCLEAR 
MEDICINE IMAGING

There has been an enormous increase and interest in the use of Monte
Carlo techniques in all aspects of nuclear imaging, including planar imaging,

IAEA-CN-96/65 37

Transmission/CT data

Noise filtering

A
tt

en
ua

tio
n

co
m

p
en

sa
tio

n

R
es

ol
ut

io
n

re
co

ve
ry

S
ca

tt
er

 c
or

re
ct

io
n

Projection data Emission tomography system

Tumour

Patient

Image reconstruction
(analytic, iterative)

Calibration
phantom

S
en

si
tiv

ity D
os

e
ke

rn
el

s

Monte Carlo
simulation

Monte Carlo
simulation

Multimodality
imaging

R
eg

is
tr

at
io

n

D
is

p
la

y

Absorbed dose map
(Gy/s)

Activity concentration map
(MBq/mL)

Count density map
(counts/voxel)

FIG. 2. Essential steps required in developing a 3-D internal dosimetry program for treat-
ment planning with RIT based on quantitative nuclear medical imaging, for which Monte
Carlo simulations play a crucial role.



SPECT, PET and multimodality imaging devices [1, 4]. However, due to com-
puter limitations, the method has not yet fully lived up to its potential. With the
advent of high speed supercomputers the field has received increased atten-
tion, particularly with parallel algorithms, which have much higher execution
rates. Figure 3 illustrates the principles and main components of Monte Carlo
or statistical simulation as applied to a cylindrical PET imaging system [25].
Assuming that the behaviour of the imaging system can be described by PDFs,
the Monte Carlo simulation can proceed by sampling from these PDFs, which
necessitates a fast and effective way to generate uniformly distributed random
numbers. Photon emissions are generated within the phantom and are trans-
ported by sampling from PDFs through the scattering medium (transmission
image) and detection system until they are absorbed or escape the volume of
interest without hitting the crystal matrices. The outcomes of these random
samplings, or trials, must be accumulated or tallied in an appropriate manner to
produce the desired result, but the essential characteristic of the Monte Carlo
method is the use of random sampling techniques to arrive at a solution of the
physical problem.
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4.1. Applications in diagnostic nuclear medicine imaging

The Monte Carlo method is a widely used research tool for different areas
of diagnostic nuclear imaging, such as detector modelling and systems design,
image correction and reconstruction techniques, internal dosimetry and
pharmacokinetic modelling.The method has proved to be very useful for solving
complex problems that cannot be modelled by computer codes using
deterministic methods, or when experimental measurements may be
impracticable [4].The design of SPECT and PET systems using the Monte Carlo
method has received considerable attention, and a large number of applications
were the result of such investigations. During the past two decades the simulation
of scintillation camera imaging using both deterministic and Monte Carlo
methods has been developed to assess qualitatively and quantitatively the image
formation process and interpretation and to assist in the development of
collimators. Several researchers have also used Monte Carlo simulation methods
to study potential designs of dedicated small animal positron tomographs.

Another promising application of Monte Carlo calculations is the devel-
opment and evaluation of image reconstruction algorithms and correction
methods for photon attenuation and scattering in nuclear medicine imaging,
since the user has the ability to separate the detected photons into their com-
ponents: primary events, scatter events, contribution of downscatter events, etc.
Monte Carlo modelling thus allows a detailed investigation of the spatial and
energy distribution of Compton scatter, which would be difficult to perform
using present experimental techniques, even with very good energy resolution
detectors.A Monte Carlo study of the acceptance of scattered events in a depth
encoding large aperture camera made of position encoding blocks modified to
resolve the depth of interaction through a variation in the photopeak pulse
height has been performed by Moison et al. [26]. The contribution of scatter
from outside the field of view is a challenging issue, especially with the current
large axial field of view 3-D PET scanners. Several researchers used Monte
Carlo simulations to study scatter contribution from outside the field of view
and the spatial characteristics of scatter for various phantoms. It was concluded
that the spatial distribution of multiple scatter is quite different from the sim-
ple scatter component, which might preclude the rescaling of the latter to take
into account the effect of the former for scatter correction purposes. Monte
Carlo simulations have also been extensively used to evaluate and compare
scatter correction schemes in both SPECT and PET [27]. The simulation of
transmission scanning allowed the study of the effect of downscatter from the
emission (99mTc) photons into the transmission (153Gd) energy window in
SPECT and the investigation of detected scattered photons in single photon
transmission measurements using 137Cs single photon sources for PET [4].
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Monte Carlo simulations have been shown to be very useful for the val-
idation and comparative evaluation of image reconstruction techniques. Smith
et al. [28] used Monte Carlo modelling to study photon detection kernels,
which characterize the probabilities that photons emitted by radioisotopes in
different parts of the source region will be detected at particular projection
pixels of the projection images in the case of parallel hole collimators. The
authors also proposed a reconstruction method using 3-D kernels, in which
projection measurements in three adjacent planes are used simultaneously to
estimate the source activity of the centre plane. The search for unified recon-
struction algorithms led to the development of inverse Monte Carlo (IMC)
reconstruction techniques. The principal merits of IMC are that, like direct
Monte Carlo methods, the method can be applied to complex and multivari-
able problems, and variance reduction procedures can be applied. Floyd et al.
[29] used IMC to perform tomographic reconstruction for SPECT with simul-
taneous compensation for attenuation, scatter and distance dependent colli-
mator resolution. More recently, direct fully 3-D Monte Carlo based statistical
reconstruction proved to be feasible within clinically acceptable computation
times [30].

4.2. Applications in therapeutic nuclear medicine imaging

For internal radiation dose estimates, the biodistribution of a trace 131I
labelled monoclonal antibody is generally used to predict the biodistribution of
a high dose administration for therapy. Imaging therapeutic doses would fur-
ther confirm the hypothesis that the biodistribution is similar; however, current
generation scintillation cameras are unable to handle accurately the corre-
sponding high counting rate. Monte Carlo calculations have been used in the
development of a method for imaging therapeutic doses of 131I by using thick
lead sheets placed on the front surface of a high energy parallel hole collima-
tor [31]. Huili et al. [32] simulated point response functions for pinhole aper-
tures with various aperture span angles, hole sizes and materials. The point
responses have been parameterized using radially circular symmetric 2-D
exponential functions, which can be incorporated into image reconstruction
algorithms that compensate for the penetration effect. The effect of pinhole
aperture design parameters on angle dependent sensitivity for high resolution
pinhole imaging has been also investigated using Monte Carlo modelling.

The accuracy of 131I tumour quantification after RIT has been further
investigated with an ultra-high energy collimator designed for imaging 511 keV
photons. It has been shown that the difference in tumour size, relative to the
size of a calibration sphere, has the biggest effect on accuracy, and recovery
coefficients are needed to improve the quantification of small tumours.
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Different strategies are being developed to improve image quality and quanti-
tative accuracy in tumour SPECT imaging, including collimator detector
response compensation and high energy scatter correction techniques. In a
study by Dewaraja et al. [33], Monte Carlo simulations have been used to
evaluate how object shape influences spill out and spill in, which are major
sources of quantification errors associated with the poor spatial resolution of
131I SPECT, and to characterize energy and the spatial distributions of scatter
and penetration.

5. FUTURE APPLICATIONS OF MONTE CARLO TECHNIQUES

On-line monitoring of the positron emitting activity created in patient tis-
sues undergoing radiotherapy treatment has been a goal pursued by several
investigators since the 1990s. Whereas the clinical application of on-line PET
monitoring in photon radiotherapy has so far been limited by the reduced
activity produced in a patient using today’s clinical accelerators, its use in heavy
particle radiotherapy has become a useful technique to visualize the b+ activity
distributions that help to determine the effective range of heavy particles in the
patient, as well as to evaluate blood flow in some organs. Several groups have
reported the applicability of PET to in vivo dosimetry in radiotherapy treat-
ments with photons, protons and light and heavy ions using different Monte
Carlo codes to investigate this challenging field [34].

It is clear that a new generation of dose modelling tools needs to be
developed for use with internal emitter therapy in nuclear medicine. It is
unacceptable to use standardized, geometrical phantoms to perform dose
calculations for individual patients if the physician is asking for meaningful
information to be used in planning patient therapy. The evolution of the
methodology followed for external beam radiotherapy treatment planning must
be followed for internal emitter therapy. The technology now exists to develop
patient specific 3-D dose distributions, based on a fusion of anatomical (CT or
MRI) and functional (SPECT or PET) data, with individualized Monte Carlo
calculations done in a reasonable amount of time using high powered computing
workstations or distributed computing networks. The combination of realistic
computer phantoms and accurate models of the imaging process allows the
simulation of nuclear medicine data that are ever closer to actual patient data.
Simulation techniques will find an increasingly important role in the future of
nuclear medicine in light of the further development of realistic computer
phantoms, the accurate modelling of projection data and computer hardware.
However, caution must be taken to avoid errors in the simulation process, and
verification via comparison with experimental and patient data is essential.
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Abstract

Over recent years the divide between therapeutic and diagnostic applications of
ionizing radiations has become increasingly blurred and the science between the two
disciplines has become significantly closer. This merging has been accelerated by the
increased use of radiolabelled pharmaceuticals for therapeutic purposes. This, in turn,
has brought with it the requirement to use those same instruments that are commonly
employed for the determination of the activity of diagnostic administrations. The
principal difference is in the level of accuracy required.The paper presents and discusses
the results of the various comparisons conducted by the National Physical Laboratory
on those measuring instruments, particularly as they relate to the potential
improvements in performance that can be achieved, and the necessary developments in
the associated quality assurance protocols. It also addresses the developments in the
calibration facilities available with these systems, especially as they relate to the
measurement of, and achievable accuracies for, therapeutic radiation sources.

1. INTRODUCTION

The use of ionizing radiations in nuclear medicine has traditionally been
divided into two specific areas. Diagnostic use has generally been dominated by
the injection or ingestion of unsealed sources of radionuclides.Therapeutic appli-
cations, however, have usually been accomplished by the use of ionizing radia-
tion, primarily photons, both from machines and radionuclide sources, with the
radiation source external to the patient. Over recent years this divide has started
to disappear. The techniques of intracavitary and interstitial brachytherapy have
introduced the radiation source into the body and even the tumour itself, using
sealed sources of 103Pd, 125I, 137Cs and 192Ir. More recently, the practice of tar-
geted radiotherapy, using unsealed sources of radionuclides, has gained
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prominence: this involves radionuclides such as 32P, 67Cu, 89Sr, 90Y, 131I, 153Sm,
166Ho, 177Lu, 186Re and 188Re being administered to the target volume [1].

The successful application of both diagnostic and therapeutic administra-
tions depends on many critical factors. One of these factors is an accurate
knowledge of the activity or dose rate of the administered source. For diagno-
sis, it is generally accepted that the administered activity should be known to
better than ±10%: this, in turn, implies that the accuracy of the measuring
device should be better than, approximately, ±5%. The measuring instrument
of choice is normally a radionuclide calibrator, which is a combination of a well
type ionization chamber and an electrometer. The accuracy requirements for
therapy applications are stricter, and the measurement device should be capa-
ble of providing accuracies of the order of ±2–3%.

The radionuclide calibrator, traditionally a diagnostic tool, is a relatively
simple to use device and can display exceptional long term stability coupled
with minimal measurement geometry dependence. (It should be noted that any
geometry effects will normally be radionuclide dependent.) Thus the radio-
nuclide calibrator lends itself to being a particularly suitable instrument for the
measurement of therapeutic radionuclides, provided it can deliver the required
levels of accuracy and its operation is subject to a robust level of quality con-
trol. Knowledge of the calibrator construction and associated tolerances can
provide a theoretical basis for determining accuracy limits; this should be
validated experimentally.

A measure of the potential level of the performance of operational
radionuclide calibrators can be determined by conducting comparison exer-
cises by expert and impartial laboratories. Such exercises can have the added
advantage of enabling the calibration of particular calibrators to be checked
and even determined more accurately. A regular programme of such compar-
isons has been organized in the United Kingdom by the National Physical
Laboratory (NPL) over the past 15 to 20 years, and follow-up workshops have
been held for the participants to discuss the results and the potential avenues
to performance improvements. The outputs from these comparisons, supple-
mented by regular dialogue and exchanges of information and experiences
between the NPL and the user community, have identified a number of poten-
tial, but avoidable, sources of error.

In addition, the NPL, together with the relevant professional organization
in the UK, the Institute of Physics and Engineering in Medicine, produced a
quality assurance protocol in 1992, which was designed to establish and main-
tain the calibration of medical radionuclide calibrators and their quality con-
trol. This protocol is currently being revised to take into account both the
increased emphasis on uncertainty estimation, the accumulation of comparison
data and user experiences and the changes in equipment formats.
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2. UK RADIONUCLIDE CALIBRATOR COMPARISONS

2.1. Comparison protocol

Since 1980 the NPL has conducted a series of comparisons [2–9] with UK
hospitals. The number of participants varies but, typically, about 40 hospital
departments take part and measurements are returned for up to 150 individual
radionuclide calibrators.

The normal protocol adopted is that a series of identical sample contain-
ers are each filled with a weighed aliquot from a stock solution of the radionu-
clide being compared.Typically, 4 g of solution is dispensed to a 10 mL glass vial
of the type commonly used by the principal radiopharmaceutical supplier in the
UK. Radiometric check measurements are made on each sample to ensure
homogeneity of the total batch, and then individual samples are despatched to
the participants. At least two samples are assayed at the NPL using high pres-
sure, re-entrant ionization chambers, the calibration factors of which are
directly traceable to the UK primary standards of radioactivity.

The results from each participant are transmitted to the NPL and com-
pared with the NPL determined activity values, and a report is compiled. The
analytical breakdown differentiates between different calibrator types and
sample containers (participants are normally requested to make additional
measurements in syringe formats using the original solution in the vial
despatched to them). These results are then discussed at a workshop of partic-
ipants and NPL personnel, at which problems are highlighted and potential
remedies discussed.

The accuracies of the primary standards, used by the NPL to calibrate its
own ionization chambers, are confirmed by ongoing comparisons with other
national metrology institutes (NMIs) via the international comparison system
operated by the Bureau international des poids et mesures. A typical set of
international comparison data is shown in Table I.

2.2. Comparison results

A variety of calibrators are in use in UK hospitals, but the principal sys-
tems are either the NPL secondary standard radionuclide calibrator [10] or one
of the various Capintec models. Details of the comparison results for each cal-
ibrator and for each container are contained in the individual NPL reports, but
it is instructive to examine some of the more significant findings. Typically, the
results are plotted in a histogram form that expresses the difference between
the reported and NPL values. Three such histograms are shown in Fig. 1 for
measurements in the original 10 mL vials.
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It is interesting to note that the three comparisons indicate varying levels
of performance and, in particular, that there is a significant difference in the
overall spread of the results between the three radionuclides. In the two
extreme cases, all (100%) the results for 131I lie within ±10% of the true (NPL)
value, while for 123I the corresponding figure is only 66%. Similar comparisons
can be made for the overall spread of the results but, as in most exercises of this
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TABLE I. COMPARISON DATA BETWEEN NMIs FOR 123I

Uncertainty Difference between
NMI Country/region on NMI value the NMI value and

(k = 1) (%) the mean of all values (%)

BCMNa European Community 0.60 +0.14

NPL UK 0.36 +0.44

SCK•CENb Belgium 0.39 –0.98

LMRIc France 0.54 –0.38

IERd Switzerland 0.43 –0.40

PTBe Germany 1.10 +1.17

a Bureau central de mesures nucléaires.
b Studiecentrum voor Kernenergie—Centre d’étude de l’énergie nucléaire.
c Laboratoire métrologie des rayonnements ionisants.
d Institut d’électrochimie et de radiochimie.
e Physikalisch-Technische Bundesanstalt.
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type, there will always be a few outliers that make it difficult to determine the
normal boundaries of the distributions with outliers excluded. In the two
extreme cases considered in this paper, the actual spread of all the results with-
out excluding outliers was 17% for 131I, while the corresponding figure for 123I
was 112%. These results have been reproduced in comparison exercises in
other countries. The results from comparisons in the Czech Republic [11], for
example, show a remarkable similarity in spreads of results for both 99mTc and
131I.

When the results of all the NPL comparisons are analysed, it becomes
clear that the spreads of the results are a function of the effective energy of the
radionuclide being compared. Since the ratio of responses at any two energies
is dependent on the materials and thicknesses of the calibrator walls, the effec-
tive energy will depend on the individual radionuclide calibrator type. It is still
possible, however, to make some crude ordering on this basis, and the break-
down of comparison results in Table II illustrates this effect.

TABLE II. ANALYSIS OF COMPARISON RESULTS WITH RADIO-
NUCLIDE EFFECTIVE ENERGY

Fraction of results within a given
Radio- Principal photon Photon emission range of the NPL value (%)
nuclide emissions (keV) probability (%)

±5% ±10%

125I ~30 145 13 26

123I 31 87 29 66
159 83

57Co 122 86 52 76
136 11

99mTc 140 89 73 94

201Tl ~80 28 73 94
167 10

111In 26 83 84 92
171 90
245 94

67Ga ~92 42 91 95
185 21
300 17

131I 365 82 90 100



3. ACHIEVABLE PERFORMANCES

3.1. NPL secondary standard radionuclide calibrator (diagnostic sources)

The NPL calibrator [10] was specifically designed to provide secondary
standard levels of performance for the measurement of those gamma emitting
radionuclides used in diagnostic procedures. (It has been known variously as
the 271/671, ISOCAL IV and NPL-CRC.) The most important feature is that
the responses of all such chambers are closely controlled, to the extent that the
calibration factors for each calibrator are identical to those of the master cham-
ber held at the NPL, within specified limits. The controlling limits are as shown
in Table III. Every calibrator chamber is tested at the NPL and compared with
the master calibrator chamber, to ensure that these limits are met, before it can
be released. This process has been continuing for almost 20 years, and the test
results show a much better concurrence of responses than the limits allow. The
actual spread of responses of all accepted chambers is also shown in Table III.

It can be seen that the agreement between the responses of any produc-
tion chamber and those of the master chamber held at the NPL has been
maintained within relatively small limits. Chambers that failed to meet these
strict criteria by just a small margin have often been marketed by the manu-
facturer as an ISOCAL III, and these systems also appear in the comparison
data. The ability to achieve these high levels of performance is also evidenced
in practice by comparing the results of the NPL calibrator systems in the 123I
comparison with those of other systems (see Table IV).
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TABLE III. REQUIRED AND ACTUAL PERFORMANCE REQUIRE-
MENTS FOR THE NPL SECONDARY STANDARD RADIONUCLIDE
CALIBRATORS

Outer limits of difference

Principal photon
in response compared with

Radionuclide
energy (keV)

the NPL master chamber
(all chambers since 1985) (%)

Required Achieved

60Co 1250 ±0.2 ±0.2
57Co 125 ±1.0 ±0.7
125I 30 ±6.0 ±2.2



3.2. NPL secondary standard radionuclide calibrator (therapy sources)

Given the level of accuracy that can be achieved with the NPL calibrator,
it lent itself to being employed also for the measurement of dose rates from
therapy sources. Calibration factors have been developed for LDR (low dose
rate) brachytherapy sources of 192Ir (wires and pins) and 137Cs (seeds and seed
trains). Given the relatively high photon energies involved, it was possible to
transfer measurements of the AKR (air kerma rate) to the calibrator with only
a relatively small increase in uncertainty arising from the transfer process and
variations between responses of individual NPL calibrators.This work has been
published [12] and indicates that measurement uncertainties of 2–3% are
readily achievable.

Further studies have demonstrated that the NPL calibrator can also be
used for the accurate assay of the more difficult radionuclides — the activities
of pure beta emitters such as 32P, 89Sr and 90Y [13], and the dose rates of low
photon energy emitters such as interstitial brachytherapy sources of 125I (seeds
and trains) used for the treatment of prostatic cancer. For the 125I seeds the
principal source of uncertainty arises from the potential anisotropy of dose
distribution around the source [14], as shown in Fig. 2.

To measure the AKR using external measurement devices it is necessary
to perform a series of angular measurements encompassing the whole 360o

about the source axis and to aggregate these to give a mean value of AKR. The
calibrator, however, is effectively a 4p detector and the advantage is that the
aggregation is incorporated into the single measurement. A series of investiga-
tions [14] has shown that the additional type B uncertainty (effectively syn-
onymous with the previously used term, systematic uncertainty) that needs to
be added to the uncertainty of the AKR measurement on any NPL calibrator,
because of effects such as positional variations in the calibrator, is only of the
order of about 2.5%.The overall uncertainty (at a coverage factor of k = 1) that
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TABLE IV. COMPARISON BETWEEN PERFORMANCES OF THE NPL
CALIBRATOR SYSTEMS AND OTHER SYSTEMS FOR 123I (EXCLUD-
ING OBVIOUS OUTLIERS)

Calibrator system Number of systems Spread of results (%)

NPL (ISOCAL IV) 8 ±2

NPL (ISOCAL III) 6 ±3

Others 114 ±30



can be achieved on the calibrator measured AKR value can therefore be of the
order of 3%, only fractionally greater than that achieved by conventional
dosimetric methods.

4. QUALITY CONTROL

Following the publication of the first sets of comparison results in the UK,
it became clear that there was scope for achieving better levels of measurement
accuracy. To accomplish this, it was necessary to have a system of ongoing com-
parisons and workshops that would enable problems to be identified and pos-
sible remedies to be discussed. These workshops would also enable best
practice to be disseminated more widely throughout the user community. It was
also evident that these best practices should be documented. A joint collabora-
tion between the user community and the NPL resulted in the production and
publication in 1992 of a Protocol for Establishing and Maintaining the
Calibration of Medical Radionuclide Calibrators and their Quality Control
[15]. The principal recommendations were that users should maintain a regular
series of quality assurance actions; these are summarized in Table V.
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This protocol is now being revised, again as a joint exercise between the
NPL and the user community, to include the changes in both hardware and
software that have been introduced in commercial systems. It will also incor-
porate the lessons learnt from the various comparisons and from metrological
problems encountered since the protocol was first published.

Perhaps the most important item in Table V is that of accuracy.
Irrespective of any claims made by the manufacturer of the calibrator system
about accuracy and traceability, it is strongly recommended that users perform
an independent check on the accuracy of the calibration factors for at least two
radionuclides every year. For example, a user might check 99mTc and 67Ga in
the first year, then 201Tl and 123I the next, and so on, with priority being given
to those radionuclides that are most commonly used. To that end, the NPL has
been offering a service for many years now, whereby users can send samples of
their radionuclides to the NPL for an assay that produces activity measure-
ments that are directly traceable to national standards. The procedure is that
the:

(a) Users dispense solutions to their own containers;
(b) Users measure samples in their own calibrator;
(c) Users send a sample to the NPL;
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(d) NPL assays samples in the users’ containers in the NPL ionization
chamber;

(e) NPL transfers samples to the NPL container;
(f) NPL measures activities in the NPL ionization chamber;
(g) NPL checks and corrects for transfer losses, adsorption and contaminants;
(h) NPL issues certificates of measurement;
(i) Users confirm the accuracy of the calibration factor or make appropriate

corrections.

This system operates on a very rapid turnaround, and often provides users
with provisional results on the same day.

Although the use of long lived check sources can provide some guarantee
of the ongoing integrity of the ionization chamber and of the electronics of a
calibrator system, it will not identify when the dimensions and composition of
the sample container have changed. This is often the major source of error, and
the NPL service described above will allow this problem to be identified.

The protocol described above is now the recommended procedure in all
UK hospitals, and there is evidence to suggest that its introduction has played
some part in improving the overall quality of measurements made in UK
hospitals.

5. DISCUSSION

5.1. Diagnostic radionuclides

The two principal requirements of a calibrator system are to provide mea-
surements of activity or dose rate that are:

(a) Traceable to national standards of measurement. The generally available
commercial calibrator systems were designed originally to accommodate
the diagnostic user community. The validity of any claims of traceability
is a matter that should be addressed to the individual manufacturers, and
users are advised to seek such assurances and supporting documentation.
It is recognized, however, that the container formats for which the
manufacturer provides calibration factors are often different from those
in routine use, and hence correction factors may be required, which are
often not available. Within the UK the recommended quality assurance
protocol and the NPL measurement service provide a reliable and
independent mechanism for overcoming these problems and that ensures
direct traceability to national standards.
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(b) Within the accuracy limits required by the user. The accuracy perfor-
mance for diagnostic use should be such as to meet the ±10% criterion.
The evidence from comparison exercises, however, suggests that this cri-
terion is not being met by some commercial calibrators for those radionu-
clides that emit a significant proportion of low energy photon radiation
(X rays, bremsstrahlung, etc.). However, the NPL radionuclide calibrator
does meet this criterion quite easily. This demonstrates that, if sufficient
attention is paid to the manufacturing tolerances of the calibrator and
other influences such as the selection of sample containers, this level of
performance is fully attainable.

5.2. Therapeutic radionuclides

The traceability aspects are as important for therapeutic radionuclides as
they are in the diagnostic area, and, in the UK, this requirement can be met
using the same quality assurance protocol and calibration services that apply
for diagnostic radionuclides.

The work conducted by the NPL with its radionuclide calibrator demon-
strates that the stricter uncertainty requirements can be easily met for the
higher energy, photon emitting radionuclides. For the lower energy photon
emitters, such as 125I, and the pure beta emitters, such as 32P, 89Sr and 90Y, the
limiting factors may well be the anisotropy of the source and the uncertainty
on the primary standardization technique, both of which are independent of
the radionuclide calibrator. The investigations with the NPL calibrator indi-
cate that, if sufficient care is given to the calibrator manufacture, the addi-
tional uncertainty arising from the operation of this instrument should not
add significantly to the overall uncertainty of the activity or dose rate
measurement.

The assertions above are based on the use of calibration factors that are
produced for a master chamber and then transferred to other chambers of the
same construction and using the same measurement geometry. The practice
with the NPL calibrator is that all production models are compared with the
NPL master chamber across a range of energies and radionuclides (including
125I and a long lived check source). The results of these comparisons can be
applied to the measurements made with the production chamber and lead to a
beneficial reduction in the overall uncertainty.

Additional benefits may be gained by using a radionuclide calibrator. The
measurement is very straightforward and extremely rapid, and it also has the
potential to minimize the radiation dose to the operator.
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6. CONCLUSIONS

The radionuclide calibrator techniques employed in the measurement of
diagnostic levels of radionuclides can be transferred to the measurement of
therapeutic radionuclides. These methods offer an extremely stable measure-
ment device that combines simplicity, traceability and levels of accuracy that
are compatible with the requirements of the user community.
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Abstract

Dosimetric results for 29 therapeutic administrations of 188Re
hydroxyethylidene diphosphonate (HEDP) to patients with painful bone metastases
are presented along with a discussion of the administered activity and individual bone
uptake. Bone marrow absorbed dose was calculated using the MIRDOSE Version 3.0
program. Residence times were calculated as (0.5 × C/A × 1.443 × 16.9) h (where C is
the bone uptake in mCi; A is the administered radioactivity in mCi; 16.9 h is the t1/2 of
188Re) with equal apportionment to trabecular and cortical bone. Bone uptake was
inferred from urine collection to 24 h, being estimated as A0 – Emax (A0 = 188Re HEDP
administered radioactivity; Emax = total accumulated urine excretion). The total
volume of urine was collected over 24 h in five patients and over 6 h in the other
patients for an estimate of the 24 h excretion. Urine collection was performed by
catheterization in order to facilitate sample collection and minimize wall irradiation
in the bladder. The total bone marrow dose was related to the administered activity: a
correlation coefficient, r, of 0.27 was observed. When total bone marrow dose was
correlated to bone uptake, r was 0.79.

1. INTRODUCTION

Cancer is the second most frequent cause of death in developed coun-
tries; progressive pain is one of the main symptoms in patients suffering from
bone metastases. There has therefore been attention focused on a variety of
treatments for pain management: chemotherapy, surgery, external beam radio-
therapy, hormonal therapy and analgesic drugs (both opiates and non-opiates).
In cases of non-respondent pain, usually due to diffuse and hormone resistant
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metastases, treatment with b– emitter radiopharmaceuticals has been proposed
and has proved to be a complementary but useful aid [1, 2].

Rhenium-188 hydroxyethylidene diphosphonate (HEDP) is an agent that
has several advantageous characteristics [1, 2]. Increased and multiple radioac-
tivity administrations require a careful consideration of radiation dosimetry,
although this radiopharmaceutical is estimated to deliver comparatively low
absorbed doses to bone marrow [3]. Several other radionuclides have been pro-
posed and have undergone multiple clinical trials, for example 32P and 89Sr
[4, 5]. Several b– emitting phosphonate radiopharmaceuticals were developed
in the 1980s. In particular, 186Re(Sn) HEDP and 153Sm ethylenediamine
tetramethylenephosphonic acid (EDTMP) have shown favourable biodistribu-
tions and dosimetry, and have been used clinically [6, 7].

Similarly to 186Re and 153Sm, 188Re emits both beta particles suitable for
therapy (bmax = 2.1 MeV) and a gamma ray (155 keV) that is adequate for diag-
nostic imaging to verify localization in the areas associated with the metastatic
processes [8–10].

The objective of this study was to evaluate the influence of administered
activity and bone uptake is 29 doses involving 188Re HEDP at two levels of
activity (35 and 60 mCi) given to 21 patients. A correlation of these data to (a)
the TBMD (total bone marrow dose) and (b) clinical results was made to
optimize the amount of administered radioactivity and pre-administration
dosimetry calculations.

2. METHODS

2.1. Equipment and software

Whole body images were acquired with a Sopha DSX, a 93 photo multi-
plier tube (PMT) camera with a medium energy high resolution collimator and
a 20% window centred at 155 keV.A Capintec CRC-12 dose calibrator was used
with a calibration factor of 496 (×10) for the measurement of administered
activity and radioactivity contained in urine samples. Blood samples for phar-
macokinetic characterization were assesed in an NaI(Tl) Mini Assay Type G-20
gamma counter.The MIRDOSE 3.0 program was used for the dose calculations.

2.2. Radiopharmaceuticals

Rhenium-188 HEDP (radiochemical purity > 98%) was prepared from
lyophilized and locally produced kits, with 188Re eluted from a 188W/188Re gen-
erator. Radiochemical purity was determined by ascending chromatography
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with acetone and NaCl 0.9% as mobile phases and Whatman 1M and 3M as
stationary phases [11].

2.3. Patients

Twenty-nine doses were delivered to 21 patients suffering pain from bone
metastases due to primary cancers in the prostate (No. = 11), breast (No. = 8),
uterus (No. = 1) and thyroid (No. = 1). Inclusion criteria were: the presence of
painful bone metastases, the failure of previous conventional analgesic thera-
pies, bone scans showing multiple bone metastases and white blood cell and
platelet counts higher than 4000/mm3 and 150 000/mm3, respectively, and serum
creatinine concentrations of 1.5 mg/dL or less. Patients with renal failure, uri-
nary incontinence, psychiatric disorders, spine compression or fracture on
pathological bone were excluded.

2.4. Protocol

The dose administration protocol used was approved by the ethics com-
mittee of the Faculty of Medicine, Universidad de la República, Montevideo,
Uruguay. Tracer doses were administered to assess bone uptake and derive a
therapeutic dose tailored to each patient (on the basis of bone uptake and body
weight), administered 24 h after the first injection.

Two groups of patients were distinguished: in the first group (12 patients,
group I) the maximum administered activity for accumulated dose was set at
35 mCi (1295 MBq), which took into consideration radiation safety as well as
the reasonable expectancy of the therapeutic benefit. In the second group
(nine patients, group II) a scaled administered radioactivity protocol was used,
with a proposed radioactivity of 60 mCi (2220 MBq) for a bone uptake of 40%.

Five patients from group I were hospitalized and remained for 24 h after
the administration of a therapeutic dose for study and sample collection. The
patients were not pre-hydrated. In these five patients blood samples were
drawn from an antecubital vein opposite the injection site at preset approxi-
mate intervals (2, 4, 8, 12 and 30 min and 1, 2, 4, 6, 12 and 24 h post-injection)
with heparinized syringes. Total urine was collected at various time intervals
(0–1, 1–2, 2–4, 4–6, 6–12, 12–18 and 18–24 h) after the administration of the
radioactivity. Urine was collected from the other patients (No. = 16) only up to
6 h after the administration of the dose (0–1, 1–2, 2–4, 4–6 h); 24 h excretion was
estimated from these limited collections. Patients were catheterized to facilitate
sample collection and minimize possible contamination and to reduce bladder
wall irradiation due to urinary retention.

IAEA-CN-96/67P 61



2.5. Dose calculations

The residence time in trabecular bone was considered equal to that in
cortical bone, and calculated on the basis of experimental data as:

residence time = (0.5 × C/A × 1.443 × 16.9) h 

where

C is bone uptake (mCi);
16.9 is t1/2 of 188Re;
A is the administered radioactivity (mCi).

The absorbed dose to bone marrow was calculated using the MIRDOSE
Version 3.0 program, entering residence time values calculated as described
above. Typical residence times for the kidney, bladder wall and remainder of
the body are reported based on our data and 99mTc HEDP reported values [12].

2.6. Bone uptake

Bone uptake was calculated from the results of urine collection 6 h after
the injection. In previous studies a 6 h urine collection was validated against a
24 h urine collection in order to calculate the bone uptake. The 99mTc MDP
bone uptake was also determined from bone scans of a group of patients, in
order to validate the protocol.

3. RESULTS

The results for uptake, residence time and dose for all patients are shown
in Table I, which considers only the trabecular and cortical bone contribution
for the bone marrow absorbed dose calculation. Average radiation doses were
estimated for the kidneys, bladder wall, bone surface, red marrow and total
body (residence time for the remainder of the body) and are shown in Table II.
These results overestimate the bladder wall absorbed dose because a voiding
time of 4 h was used as the MIRDOSE 3.0 program input, while patients were
under bladder catheterization during the procedure.

The following correlation coefficients, r, were calculated: AD/BMD (r =
–0.248), AD/TBMD (r = 0.332), AD/DD (r = –0.018), AD/PD (r = –0.243),
BU/TBMD (r = 0.740), BU/DD (r = –0.205), BU/PD (r = 0.127) (Figs 1 and 2).
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TABLE I. RHENIUM-188 HEDP ADMINISTRATION TO 21 PATIENTS
(29 DOSES): CLINICAL AND ESTIMATED PARAMETERS 

Patient
AD Weight AD/ BU RT BMD TBMD DD PD

(mCi) (kg) kg (%) (h) (rad/mCi) (rad) (%) (%)

1 L.H. 41.6 88.2 0.47 59 7.2 3.04 159.3 — —
2 G.M 35.3 61 0.58 68.7 8.4 3.54 108.9 70 75
3 A.P 33.09 75 0.44 65.4 8 3.38 119.8 50 45
4 J.P. 34.8 80 0.44 43.5 5.3 2.24 89.1 — —
5 E.S 30.7 62 0.5 63.6 7.8 3.29 89.5 33 33
6 F.C 30.7 67 0.46 43.7 5.3 2.24 65.8 63 59
7 S.V. 24.4 83 0.29 46.9 5.7 2.4 69.4 0 0
8 H.L 26.7 68 0.39 39.6 4.8 2.03 52.7 33 56
9 N.R 25.5 62 0.41 38.5 4.7 1.98 44.7 25 57

10 G.F 27.5 57 0.48 25.2 3.1 1.31 29.3 66 50
11 T.D. 19.4 65.5 0.3 25.3 3.1 1.31 23.8 100 100
12 B.B. 38.7 92 0.42 10.1 1.2 0.51 25.9 0 0
13 A.P.C. 60 60 1 41.2 5 2.11 108.5 — —
14 M.M 38.3 62 0.62 36.6 4.5 1.9 64.5 — 50
15 J.F. 64.7 86 0.75 27.7 3.4 1.43 113.7 36 50
16 E.V. 42.5 93 0.46 39.8 4.9 2.07 116.9 0 0
17 C.B. 76.8 68 1.13 15.5 1.9 0.8 59.7 50 50
18 G.R. 63 60 1.05 53.4 6.5 2.74 148 70 75
19 E.U. 33.2 60 0.55 23 2.8 1.18 33.6 100 100
20 T.P. 41.7 59.5 0.7 58.5 7.1 3 106.33 50 50
21 Y.R. 30.4 88 0.34 67 8.5 3.59 137.15 0 80
22 N.D. 49.8 92 0.54 9.7 1.18 0.49 32.07 100 33
23 A.L. 63 79 0.79 42.7 5.2 2.19 155.7 0 50
24 A.L. 41.1 70 0.59 7.5 0.9 0.38 15.6 8 41
25 A.L. 44.3 70 0.63 7.5 0.9 0.38 16.8 83 70
26 M.M. 27 62 0.44 47.1 5.7 2.4 57.4 — 50
27 E.V. 72.9 92 0.79 12.6 1.5 0.63 60.4 50 0
28 E.U. 35.2 60 0.59 36.1 4.4 1.87 76.8 64 100
29 G.R. 54.9 60 0.92 64.7 7.9 3.33 156.7 — 33

AD: administered dose. BU: bone uptake. RT: residence time. BMD: bone marrow dose.
TBMD: total bone marrow dose. DD: drug decrease. PD: pain decrease.

TABLE II. RADIATION DOSE ESTIMATES

Organ
Residence time Absorbed dose

(h) (rad/mCi)

Kidney 0.43 2.40
Bladder wall 3.6 14.3
Total body 3.2 0.31
Red marrow 4.6a 2.01
Bone surfaces 4.6a 2.79

a Residence time in cortical and trabecular bone (average value for 29 doses).



Bone uptake, bone marrow dose per unit activity (corrected to a total
body weight of 70 kg) and total bone marrow dose are closely related.
Depending on the number and extent of the lesions shown in the 99mTc MDP
bone scan, considerable variability in bone uptake was observed (44% ± 18 in
group I; 31% ± 18 in group II), resulting in a maximum total absorbed dose to
bone marrow similar for both groups, despite receiving an average value of 
31 or 55 mCi (1147 or 2035 MBq). However, while all the patients received
0.29–1.18 mCi/kg (10.7–43.7 MBq/kg), dose calculations show that a higher
bone uptake correlated with higher absorbed doses to the bone marrow (as
should be expected). Although the second group of patients received twice as
much activity, absorbed doses were highly dependent on the rate of bone
uptake. Overall, a 76% pain decrease and a 62% decrease in the need for pain
relieving medication was observed in the patients receiving radiation
treatment.
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4. CONCLUSIONS

As bone uptake is directly related to the total bone marrow dose, it can
be used to determine the administered activity for each patient. Seventy-nine
per cent of the patients reported an improved quality of life in terms of pain
relief, reduction of analgesic intake and/or increase in daily activity. Studies will
be carried out to determine bone uptake from scintigraphic images, in order to
improve patient management. Most patients involved in this kind of treatment
have considerable pain, which limits their daily functions; this therapy offers
much promise for an improved quality of life for these patients.
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Abstract

Radionuclide calibrators consisting of a well type ionization chamber and an
electrometer are used in nuclear medicine for the determination of the activity of
radioactive pharmaceuticals administered to patients. In order to maximize the safety of
patients, it is important to ensure the long term accuracy of radionuclide calibrators.The
paper presents data obtained in annual calibrator accuracy checks carried out in the
Czech Republic by the Czech Metrological Institute during the past decade. Changes in
radionuclide calibrator models, the range of radionuclides used and the development of
measurement accuracies are also described. In addition, the results of a regional
international comparison are given.

1. INTRODUCTION

Medical irradiation represents one of the main sources of exposure of the
public to radiation. It is therefore important to measure the activity adminis-
tered to a patient in vivo as accurately as possible, in order to reduce the
received dose to that which is necessary — not only in radiotherapy, for which
an error could have serious consequences, but also in diagnostics. Almost as
important is the need to ensure that sufficient dose to be effective is adminis-
tered, thereby reducing the need for repeat treatments.

Activity measurements in nuclear medicine using radionuclide calibrators
or activimeters have been performed for several decades, although their relia-
bility has varied. Many comparisons have been carried out, both national [1–3]
and international (such as EUROMET project E634 (2001) and DUNAMET
project D24 (1996)).

In this paper the results of measurements performed during the annual
calibrator accuracy checks over the past decade in the Czech Republic are
summarized. Since the Czech Metrological Act No. 137/2002 in its implementa-
tion into law by Edict No. 263 of the Ministry of Trade and Industry (2000)
requires annual accuracy checks of “devices measuring activity of diagnostic
and therapeutic pharmaceuticals applied to a patient in vivo”, each of the
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48 nuclear medicine departments in the Czech Republic have been included
and have participated in the checks. Seven of the nuclear medicine departments
administer therapeutic as well as diagnostic doses.

2. METHODS

Only agreement of measured activity with the reference value is moni-
tored in the annual calibrator accuracy checks. Long and short term stability
tests are the responsibility of the user, according to the 1999 recommendation
of the State Office for Nuclear Safety.

During the past decade the system of annual calibrator accuracy checks
has undergone a gradual development. Originally, samples of one chosen
radionuclide were prepared and their activities measured using the Czech
Metrological Institute’s (CMI) 4pg reference chamber [4]. Samples were then
sent to the participants, who measured them for activity (the value of which was
not disclosed to them) and then filled out a questionnaire. The answers were
later evaluated by the CMI. Despite the fact that all the measurements were
performed under common conditions (i.e. without pressure from the presence
of an observer), this system was found to be unsatisfactory, mostly because of
the long time intervals between the measurement and evaluation of its results.
The main disadvantages arose from difficulties connected with the interpreta-
tion of the results (mainly the evaluation of questionnaires with incomplete
data) and the impossibility of revealing retrospectively the true source of error
in the event of a large difference between the conventionally true and the
measured value of activity of the sample.

A different system of checks was therefore first introduced in 2000.
Each participant can choose for the calibrator accuracy check a subset of or
all the radionuclides offered. The offered set is being gradually enlarged; in
2001 it consisted of: 99mTc, 131I, 67Ga and 201Tl. Solution samples (a 5 mL vol-
ume in a 10 mL standard serum bottle — the most commonly used in the
Czech Republic) are prepared in advance for all the offered radionuclides,
except for 99mTc, and are measured with the CMI’s 4pg reference chamber to
obtain a conventionally true value of activity. For 99mTc (for which the sam-
ple is provided by the participant), the true value is considered to be the
activity value measured by the CMI’s radionuclide calibrator, the calibration
of which is periodically checked against the CMI’s 4pg reference chamber.
Since in most Czech hospitals activity is measured not only in serum bottles
but also in syringes, the CMI recommends the performance of calibrator
accuracy checks for both geometries.
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The CMI’s inspector responsible for the checks travels through the Czech
Republic over the course of a week and, in co-operation with hospital staff, car-
ries out the checks of accuracy of the calibrators. The main advantage of this
approach is an immediate knowledge of the results and the possibility of track-
ing down unexpected errors and correcting them (e.g. changing the measuring
routine or recommending a repair). Moreover, satisfaction with the service has
grown, as it is more convenient for the customers than the previously used system.

3. RESULTS

3.1. Devices

The distribution of the types of radionuclide calibrator used has changed
significantly over the past decade (see Table I). After the detection of a design
error in NNG 601 calibrators (manufactured by TESLA, Czech Republic) dur-
ing the first large national comparison in 1991, they were replaced by other
models. In 1992 a new domestic type of calibrator, the Bqmeter (manufactured
by Consortium BQM, Czech Republic), was introduced. It is currently the sec-
ond most commonly used calibrator in the Czech Republic, as its quality is
comparable with Curiementors (manufactured by PTW), which are the most
common.

A comparison of deviations from the conventionally true value of mea-
sured activity of the two most commonly used devices has revealed that, while
Bqmeters tend to overestimate the measured activity, Curiementors almost
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TABLE I. THE THREE MOST COMMONLY USED RADIONUCLIDE
CALIBRATORS IN 1991, 1996 AND 2001

Calibrator (manufacturer) Share (%)

1991 Robotron (VEB Robotron) 27
NNG 601 (TESLA) 26
Curiementor (PTW) 20

1996 Curiementor (PTW) 46
Robotron (VEB Robotron) 21
Bqmeter (Consortium BQM) 21

2001 Curiementor (PTW) 56
Bqmeter (Consortium BQM) 36
Robotron (VEB Robotron) 6



always underestimate it. Figure 1 illustrates the case for 99mTc. The mean val-
ues of deviations of measurements of activity in syringes are shifted from those
in bottles by about 3–5%, so the results when compared with the limits of the
European Pharmacopoeia [5] are somewhat poor (see Table II).
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FIG. 1. Distribution of the results of the 99mTc comparison. (a) Curiementors. (b) Bqmeters.
Ai: activity measured by the participant; A0i: activity measured by the CMI.
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TABLE II. DISTRIBUTION OF THE RESULTS OF ACTIVITY MEASUREMENTS IN 2001 
(percentage of the results within a given range of the CMI value)

Serum bottle Syringe

±5% ±10% ±15%
Number of

±5% ±10% ±15%
Number of

European

measurements measurements
Pharmacopoeia

67Ga 58 97 100 31 29 71 93 14 ±10%
99mTc 71 95 100 65 45 90 98 40 ±10%
131I 77 100 100 35 60 100 100 15 ±10%
201Tl 24 68 100 25 0 40 90 10 ±10%



3.2. Radionuclides

The range of radionuclides used in nuclear medicine has changed over the
past decade. When we assign to the most frequently used radionuclide in a
given nuclear medicine department a rank of usage equal to 1, and values 2, 3,
etc., to the respectively less frequently used radionuclides, then from the
weighted average of usage (WAU) we can follow a change of preference of the
use of the various radionuclides (see Table III). Naturally, the most frequently
used radionuclide remains 99mTc, the frequency of use of which has further
increased. While both the number of users and the WAU of 131I have been
dropping slightly, the WAU of some other nuclides has been gradually rising,
especially that of 111In.

3.3. Calibrator accuracy checks

Possibly owing to the regular comparisons of radionuclide calibrators, the
majority of them meet the allowed limits for deviation from the conventionally
true value of activity given in the European Pharmacopoeia [5]. If the limit
value is exceeded the possible reason for the excess is investigated (e.g. whether
a technician’s error has occurred or whether repair or replacement of the
device is needed).

The data in Tables II and III were obtained before a remedy had been
applied. Table II shows that the limit values of ±10% [5] of activity were
exceeded significantly for 201Tl. The results are satisfactory, however, for 67Ga
and 99mTc and excellent for 131I. This is true for both the serum bottle and the
syringe measurements.

OLŠOVCOVÁ and DRYÁK72

TABLE III. NUMBER OF USERS AND THE WAU OF VARIOUS
RADIONUCLIDES 

WAU Number of users

1991 1999 2001 1991 1999 2001 2002

51Cr 4.5 3.5 3.4 15 8 8 12
67Ga 3.4 2.9 2.9 11 19 20 22
99mTc 1.1 1.1 1.0 45 46 48 41
111In 5.5 3.3 2.6 4 10 10 17
131I 2.0 2.0 2.3 41 38 30 21
201Tl 3.3 2.6 2.7 15 21 21 19

Note: The WAU is not available for 2002.



Table IV shows the gradual improvement in the accuracy of activity mea-
surements over the past decade for 131I and 99mTc. On the whole, the results of
the measurements are satisfactory.

3.4. Regional international comparison

The Slovak Institute of Metrology (Slovakia), Bundesamt für Eich- und
Vermessungswessen (Austria) and CMI (Czech Republic) participated in a
regional international comparison organized by the CMI in 2001. The partici-
pants measured, using radionuclide calibrators, the activities of 18F, 67Ga, 99mTc,
123I, 131I and 201Tl in solutions, 137Cs in gels and 133Xe in gas ampoules.
Determined activities were compared with the activity obtained using either
the CMI’s 4pg reference chamber or a calibrated HPGe spectrometer. Iodine-131
was in addition standardized by the 4pb–g coincidence absolute method and
sent to the International Reference System at the Bureau international des
poids et mesures, Sèvres, France, at which the CMI value was found to be within
0.67% of all entries since 1998.

A good agreement among the three institutes was found for 137Cs, 131I,
99mTc and 67Ga, for which the differences did not exceeded 3%. Measurements
of 133Xe were illustrative only, since there were very large differences in geo-
metry among the chambers. Values of the activity of 123I measured by the
radionuclide calibrators were in good agreement with each other, but not with
the value from the CMI’s 4pg reference chamber. This highlighted an error in
the calibration of the CMI’s 4pg reference chamber. A similar problem was
encountered for 201Tl. The results of this exercise are summarized in Table V.
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TABLE IV. DISTRIBUTION OF RESULTS FROM COMPARISONS OF
131I AND 99mTc ACTIVITY MEASUREMENTS 
(percentage of results within a given range of the CMI value)

Year ±5% ±10% ±15%
Number of

measurements

131I 2001 77 100 100 35

1996 76 93 98 44

1991 62 80 91 41

99mTc 2001 71 95 100 65

1996 73 93 98 55

Note: 99mTc was not measured in 1991; the first complete data set was collected in 1996.



4. CONCLUSIONS

The data collected at the beginning of the 1990s, when regular checks
were introduced, were compared with those obtained during the latter years. In
general, it can be seen that, after the extensive replacement of radionuclide
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TABLE V. DEVIATIONS OF RESPONSES OF SECONDARY CHAM-
BERS FROM THE CMI’S 4pg REFERENCE CHAMBER
(for 201Tl the deviation is given relative to the NPL-CRC chamber measurement)

(Ar – A)/A (%)

ISOCAL-IV Vacutec Bqmeter NPL-CRC
18F +0.8 +4.7 –4.8 +1.2

+0.8 +4.2 –4.9 +1.5
67Ga –0.3 –1.2 –8.7 +0.5

–0.4 –1.1 –8.8 +0.3
99mTc +0.9 +2.4 +1.3 +1.7

+0.9 +2.4 +1.2 +1.7
123I –0.8 +1.0 +0.2 b

–0.8 +1.0 +0.2 b

131I +0.6 +3.3 –2.9 +0.8

+0.6 +3.4 –2.8 +0.7
137Cs –1.4 +1.2 –1.8 –1.5

–1.4 +1.3 –1.0 –1.5

–1.5 +1.1 –1.9 –1.5

–1.5 +1.1 –1.5 –1.5

–1.5 +1.2 –1.7 –1.3
201Tl +0.7 –4.5 –10.5 b

+0.0 –5.3 –11.2 b

+0.1 a –10.8 b

133Xe a +7.1 +0.2 a

Note: The ISOCAL-IV and the NPL-CRC have identical ionization chambers with
calibrations traceable to the NPL.
a Not measured.
b The NPL-CRC value was taken as a reference.



calibrators and after the increase in the number of radionuclides used in the
mid-1990s, the situation has stabilized.

Measurements with radionuclide calibrators performed in the Czech
Republic during 2001 showed that the deviations of measured activities from
the conventionally true values for the majority of devices lay within the limits
given by the European Pharmacopoeia [5]. Although many of the devices still
being used are relatively old, regular controls have prevented them from
deviating from the required limits.

The international comparison of radionuclide calibrators has met its
objective. It has revealed an agreement between participants and enabled an
error in the calibration of the CMI’s 4pg reference chamber for 123I and 201Tl
to be discovered.
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Abstract

Issues concerned with source specification, methods to transfer calibrations
between laboratories, radiation field parameterization for treatment planning and
protocols for brachytherapy dosimetry are discussed in the paper. Comparisons are
made between direct measurements of absorbed dose in tissue equivalent phantoms and
indirect measurements using well type ionization chambers. The problems associated
with the application of the most commonly recommended field parameterization
method (American Association of Physicists in Medicine TG 43) to beta particle
sources, the length of which are long compared with the range of their emitted radiation,
are discussed and possible solutions are proposed. Finally, the commonalities and
differences among various guidance documents on brachytherapy dosimetry
measurements are explored.

1. SOURCE SPECIFICATION

The goal of source specification is to produce a single quantity that rep-
resents the source output. The ideal quantity for specifying output for a
brachytherapy source is the absorbed dose rate in water or tissue at a clinically
relevant distance from the source. This distance varies with the application. For
traditional interstitial brachytherapy treating tumours with dimensions of the
order of centimetres, the relevant distance has been chosen [1] as 1 cm. For
intravascular brachytherapy treating arteries with dimensions of the order of
millimetres, the relevant distance has been chosen [2] as 2 mm. Measurements
of absorbed dose rate at these short distances are very difficult to perform
accurately because of the small source dimensions, very high dose rate gradi-
ents and the necessarily finite size of the available detectors. Therefore, for the
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photon sources used in conventional brachytherapy (137Cs, 192Ir, 125I and
103Pd), recourse has been made to making source specification measurements
in air at relatively large distances from the source, and specifying source output
in terms of the air kerma rate at 1 m. Conversion factors are then used to obtain
the absorbed dose rate at 1 cm. The advent of intravascular brachytherapy has
led to the use of beta particle emitters (90Sr/90Y and 32P), for which the use of
any quantity at a large distance (e.g. 1 m) as a source specifier is inappropriate.
Therefore, for these sources, direct measurements of the reference absorbed
dose rate at 2 mm are necessary. The currently used primary standard for pho-
ton brachytherapy source specification is (in the United States of America) the
wide angle free air chamber, which is a specially designed true free air chamber
for realizing the quantity of the air kerma rate. For beta particle sources, extrap-
olation chambers equipped with very small (less than 1 mm diameter) collect-
ing electrodes are used for primary standards of absorbed dose rate at 2 mm in
the USA [3], the Netherlands [4] and Germany [5]. There is no primary stan-
dard for the dosimetry of high dose rate 192Ir sources; rather, indirect methods
are used that are traceable to air kerma standards for X rays and gamma rays
[6]. For low dose rate 192Ir a standard exists in the USA, based on the work of
Loftus [7].

Other quantities have been employed in the past to specify the output of
brachytherapy sources. Until relatively recently, mg Ra equivalency was used
[1], which is related to the idea of apparent activity. Both of these specifiers are
based on the effect of the sources on detectors at a distance, but have activity
units, so are a mixture of radioactivity and dosimetry concepts. Recently, the
measurement of contained activity of brachytherapy sources has matured [8] to
the extent that it might be proposed that this quantity be used to specify these
sources. The advantage of this is that the contained activity can be measured at
a precision of the order of a few per cent, comparable with what is possible with
the reference air kerma rate. The conversion from contained activity to the
dose in water or tissue at the reference point can be determined by calcula-
tional techniques and confirmed by measurements, at least within the mea-
surement uncertainty. The disadvantage is that the quantity contained activity
conveys no information about the distribution of the radioactivity within the
source matrix. Since uniform distribution is assumed in the theoretical model-
ling used to predict the reference dose rate per unit contained activity, real
sources with less than perfect activity distributions can yield reference
absorbed dose rates at some variance from that predicted from the contained
activity.

Another alternative for a source specification for beta particle sources is
the absorbed dose rate to water or tissue at a depth of 0.07 mm, measured in
air at a distance of 30 cm from the source [9].This is a direct analogy to the case
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of photon emitting sources, for which the air kerma rate is the source specifier.
The advantage of this quantity is that it is relatively easy to measure accurately
with readily available equipment. Accuracies of 1–2% are achievable, in con-
trast to the 8–15% achievable with current methods [3–5]. The disadvantage is
that the quantity measured is not the quantity desired, and a conversion factor
is necessary to determine the absorbed dose rate in water at the reference dis-
tance. The uncertainty of the end result is the same by either method, since the
conversion factor would carry the same large uncertainty that the direct mea-
surement has. For this reason, the authors feel that the direct measurement of
the absorbed dose rate at the reference distance is the preferred method for
source specification by primary standards laboratories, both for beta particle
sources and for photon sources.

2. TRANSFER OF CALIBRATIONS BETWEEN LABORATORIES

The primary standards are transferred to secondary laboratories and/or
therapy centres using various transfer standard instruments. The most com-
monly used instrument for this purpose is the well type ionization chamber,
which has the advantage of very high precision, simplicity of operation and a
reasonable cost. Since the nature of the reading obtained from such a device is
more akin to the contained activity, the disadvantage of the device is that it pro-
vides no information on the uniformity of the absorbed dose rate at the refer-
ence distance, either along the source length or around the source axis. It has
been suggested that it is more appropriate, particularly for beta particle
sources, to make a direct measurement of absorbed dose using another type of
transfer instrument, such as a small volume plastic scintillator [10, 11].
Measurements of this type are quite difficult and fraught with pitfalls and
uncertainties. Since the dose rate gradients at a reference distance of 2 mm are
so high, around 100% per mm, positioning accuracies must be very high, since
an error of even 0.1 mm can cause an error of 10% in the measurement. For this
reason these measurements must be made carefully, with special equipment. If
measurements of seed trains are made, several measurements around the
source axis should be made, and repeated insertions and withdrawals of the
source train should be performed, because of tumbling of the seeds in the deliv-
ery catheter. Special catheters with minimal inner diameters to position the
sources more precisely in the measurement phantom must be used. Because
well ionization chambers are less sensitive to variations of source positioning
within the catheter, they are easier to use, although it is prudent to make mea-
surements with several source orientations and insertions. To provide the infor-
mation needed on source uniformity (at least), qualitative measurements
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should be performed with an imaging detector, such as radiochromic film. The
film need not be calibrated for uniformity measurements, since only relative
measurements are needed. However, properly calibrated radiochromic film in
an appropriate phantom is a third alternative for the measurement of the ref-
erence absorbed dose rate.

At the National Institute of Standards and Technology (NIST) all three
methods are routinely used to measure the reference absorbed dose rate. Well
chamber measurements are performed with Standard Imaging1 chambers. For
Guidant 32P wire sources, the model high dose rate 1000+ chamber, equipped
with the Guidant needle insert, is used, while for Novoste 90Sr/90Y train sources
the model IVB 1000 chamber equipped with the Novoste insert is used.
Guidant sources are stepped along the chamber axis at 2 mm increments to
determine the location of maximum response. This is repeated at four orthog-
onal source orientations, and the results are averaged. The chamber used for
32P measurements is calibrated in terms of contained activity, with sources cal-
ibrated by the NIST Radioactivity Group [8]. Conversion factors between the
measured contained activity and the reference absorbed dose rate were deter-
mined by a combination of extrapolation chamber measurements and Monte
Carlo calculations, both for the 27 mm [12] and the 20 mm [13] source lengths.
The chamber used for 90Sr/90Y source train measurements was calibrated using
reference sources that were calibrated using the primary standard extrapola-
tion ionization chamber. Sources are injected into the chamber using the
Novoste three lumen therapy catheter positioned against the stop of the insert,
which has settings for each of the three lengths of sources used.

Radiochromic film is calibrated at NIST using an ophthalmic applicator,
which was calibrated using the primary standard extrapolation chamber.A spe-
cially designed phantom, constructed using A150 tissue equivalent plastic, is
used for Novoste sources. The sources are injected into the measurement posi-
tion in special single lumen measurement catheters that have nominal inner
diameters of 0.74 mm and outer diameters of 1.20 mm. For Guidant 32P sources
the source filming phantom supplied with the afterloader is used, which is made
from polystyrene. GafChromic type HD-810 is used for the measurements; this
film consists of a nominal 0.007 mm sensitive layer coated on to a 0.1 mm poly-
ethylene terephthalate base. The films are read using a laser densitometer with
a 0.1 mm diameter spot size, stepped in 0.16 mm increments in two dimensions
across the film.The results are expressed as 1 mm (six pixel) averages along the
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source axis, with the central two thirds of the nominal source length averaged
to yield the reference absorbed dose rate.

The third method employed for routine source measurements at NIST is
the PTW OPTIDOSE scintillator system. This system uses a 1 mm diameter by
1 mm thick plastic scintillator as the detection element, and the sources are
measured in special polymethylmethracrylate (PMMA) phantoms. The scintil-
lator probe can be placed at one of several depths using PMMA plugs with end
thicknesses to simulate the desired depth in water. The system was calibrated
using brachytherapy sources calibrated at NIST. Precautions must be taken
with this system, particularly with the phantom used for the 32P source mea-
surements, because the diameter of the hole in the phantom into which the
source is placed is too large, and errors as great as ±15% can be made if multi-
ple readings to obtain an average representation of the source in the centre of
the hole are not made. For 90Sr/90Y source measurements, the same single
lumen catheter used for the film measurements is used in the special
PTW/Novoste PMMA phantom.

In Tables I–III results using the three different methods are presented for
a number of different sources. What is of interest in these comparisons is the
standard deviations of the averages of the ratios. It is seen that those obtained

TABLE I. COMPARISON OF MEASUREMENTS OF 32P WIRE SOURCES

Source
Reference dose rate (Gy/min) Ratio

serial
Length

Radiochromic Film/ Scintillator/
number

(mm) WICa
film

Scintillator
WIC WIC

010608003 27 17.16 — 18.16 — 1.058
010821015 20 3.95 — 4.34 — 1.099
011024011 20 34.5 34.0 36.1 0.986 1.046
011113013 20 23.1 21.4 22.7 0.926 0.983
020131006 27 7.37 7.18 7.66 0.975 1.039
020206018 20 24.7 22.5 24.5 0.912 0.992
020425003 20 18.32 16.43 18.78 0.897 1.025
020506001 20 34.7 34.0 35.1 0.980 1.011
020618002 27 10.67 10.32 10.79 0.967 1.011
020724015 20 32.1 28.6 34.5 0.892 1.074
020814003 20 19.89 17.49 19.57 0.879 0.984

Average 0.935 1.029
Standard 0.042 0.038
deviation

a WIC: well ionization chamber.



with 90Sr/90Y sources are about a factor of two smaller than those obtained with
32P sources. This is a direct result of the tighter tolerances of the source place-
ment in one system relative to the other. No conclusions concerning which sys-
tem yields the most accurate results can be drawn from these data. All systems
yield comparable results. It can be stated, however, that the well chamber is the
easiest and most foolproof of the three, and is therefore recommended for rou-
tine use in the clinic, with the caveat that a qualitative assessment of the source
uniformity must also be made for each source measured. Uniformities should
be within ±10% of the average over the central two thirds of the nominal
source length [2] for the calibration of the well chamber to be relevant to the
source being measured.

3. RADIATION FIELD PARAMETERIZATION

The determination of the reference absorbed dose rate for a source is just
one part of the process of specifying the complete three dimensional represen-
tation of the absorbed dose distribution around the source needed for treat-
ment planning. This specification can most conveniently be done by
parameterizing the radiation field in a convenient co-ordinate system. For
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TABLE II. COMPARISON OF MEASUREMENTS OF 90Sr/90Y SEED
TRAIN SOURCES

Source
Reference dose rate (mGy/s) Ratio

serial
Length

Radiochromic Film/ Scintillator/
number

(mm) WICa
film

Scintillator
WIC WIC

151/98 30 93.1 89.6 92.6 0.962 0.995
743/99 40 103.5 101.2 100.5 0.978 0.971
769/99 40 101.9 103.7 — 1.018 —
N24 60 89.8 88.8 89.0 0.989 0.991
255/01 40 91.7 87.9 90.8 0.959 0.990
02/96 30 73.7 72.7 75.5 0.986 1.024

Average 0.982 0.994
Standard 0.021 0.019
deviation

a WIC: well ionization chamber.



brachytherapy sources, which are usually more line like at close distances than
point like, a cylindrical co-ordinate system is convenient. If the dose profile is
symmetric about the source axis (behaviour that is usually prudent to verify,
particularly for intravascular applications), then the dose profile can be
described in terms of the remaining two dimensions in a tabular form away
from the source and along the source axis. In recent years such descriptions
have given way to a description using a spherical co-ordinate system for which,
again, symmetry about the source axis is assumed, and the remaining polar co-
ordinates are used for field specification. However, in this approach [1] the
large gradients due to the inverse square dependence of the field are accounted
for in a separate parameter (the geometry function) and the remaining field
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TABLE III. COMPARISON OF MEASUREMENTS OF 90Sr/90Y JACK-
ETED TRAIN SOURCES

Source
Reference dose rate (mGy/s) Ratio

serial
Length

Radiochromic Film/ Scintillator/
number

(mm) WICa
film

Scintillator
WIC WIC

ZA 100 30 66.4 67.9 67.4 1.023 1.015
ZA 123 60 98.7 98.5 100.4 0.998 1.017
ZA 138 40 98.8 99.1 98.2 1.003 0.994
ZA 427 30 97.2 96.3 97.7 0.991 1.005
ZA 428 30 97.0 95.9 98.5 0.989 1.015
ZA 348 40 96.8 97.6 98.9 1.008 1.022
ZA 105 40 97.6 99.6 96.8 1.020 0.991
ZA 352 40 93.0 93.4 90.8 1.004 0.976
ZA 262 60 97.6 98.6 98.6 1.010 1.010
ZA 522 30 101.5 97.0 104.7 0.956 1.031
ZA 525 30 101.6 99.7 106.9 0.982 1.052
ZA 511 40 119.4 119.5 117.4 1.001 0.983
ZA 614 40 119.8 122.4 121.9 1.022 1.017
ZA 301 60 103.4 105.6 107.2 1.021 1.036
ZA 302 60 99.6 101.0 105.8 1.015 1.063
ZA 307 60 102.2 102.6 102.6 1.003 1.004

Average 1.003 1.015
Standard 0.018 0.023

deviation

a WIC: well ionization chamber.



parameters (the radial dose function and the anisotropy function) are much
more slowly varying with distance and hence easier to interpolate in tabular
form. Use of this formalism, originally developed for interstitial brachytherapy
applications, has been extended for use in intravascular applications [2].

The TG 43 formalism was the result of the American Association of
Physicists in Medicine (AAPM) Task Group Number 43 recommendations on
the dosimetry of interstitial brachytherapy sources [1]. The formalism was orig-
inally developed to apply only to photon emitting sources used for interstitial
brachytherapy. These sources are not calibrated in terms of a reference
absorbed dose rate, but rather in terms of an air kerma rate corrected to a dis-
tance of 1 m, defined as air kerma strength, Sk.To obtain the absorbed dose rate
in water at the reference distance of 1 cm, a conversion factor, L, the dose rate
constant, is used. The formalism uses a spherical co-ordinate system with sym-
metry assumed about the source axis (f direction). Thus positions are repre-
sented in the remaining two (polar) co-ordinates, r and q. Figure 1 shows a
representation of this co-ordinate system. Using the formalism, the absorbed
dose rate, ·D(r, q), is given by:

·D(r, q) = SkL[G(r, q)/G(r0, q0)]g(r)F(r, q) (1)

The definitions of the new parameters, G(r,q), g(r) and F(r,q), are given in the
following sections. The reference location (r0, q0) is r0 = 1 cm and q0 = 90∞.

3.1. The geometry factor, G(r,qq)

As stated above, the geometry function accounts for the inverse square
dependence of the absorbed dose profile. It should be emphasized that it is only
a convenient construct, meant to make the interpolations of the other parame-
ters more accurate, so its definition can be somewhat arbitrary.The value of the
geometry factor is calculated under the line source approximation as:

(2)

where L is a length, usually taken as the active source length, and b is the angle
subtended by the source length L at the point (r, q). Referring to Fig. 1, it can
be seen that b = q2 – q1. The geometry function is meant to represent the
absorbed dose distribution in the absence of scattering and absorption for a
line source of length L.
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3.2. The radial dose function, g(r)

The radial dose function represents the variation of the absorbed dose
rate along the perpendicular bisector of the source, and includes the effects of
absorption and scatter in water or tissue. It can be calculated from the radial
dose profile, ·D(r, q0), by:

(3)

The quantity in the first set of brackets is simply the radial dose profile,
expressed in polar co-ordinates.

3.3. The anisotropy function, F(r,qq)

The anisotropy function represents the variation of the absorbed dose
rate around the source, in the q direction, and includes the effects of absorption
and scatter in water or tissue. It can be calculated from the off-axis dose pro-
file, appropriately converted to polar co-ordinates, by:
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(4)

Again, the quantity in the first set of brackets is simply the off-axis dose function,
normalized to unity at q0.

3.4. Problems with the formalism for beta particle line sources

There are problems with the use of this formalism with beta particle
sources, which are longer than the range of the emitted beta particles. Consider
a point 2 mm out and 8 mm along a 27 mm long 32P wire source. If the source
is uniform, then the dose rate at a distance of 2 mm from the source axis is
known to be constant along the source axis to within about 5 mm from each
end of the wire.Therefore, ·D(r, q) = ·D(r0, q0) for this point. However, the quan-
tity ·D(r, q0) is nearly zero, since r = 8.246 mm, which is near the end of the range
of the beta particles of maximum energy emitted by 32P. Therefore, considering
Eq. (4), the value for F(r,q) must be very large. Large values for F(r,q) bring us
back to the situation of the large cell to cell differences in the away and along
tables, a situation that the TG 43 formalism was designed to avoid. It has been
suggested [14–16] that rather than use the spherical co-ordinate system of
TG 43, a cylindrical co-ordinate system for long sources should be used. All
these authors have suggested an alternative cylindrical formalism such that:

(5)

where, as in Eq. (2), G(r, z) is calculated in the line source approximation, using
the co-ordinate transformations r = r sin(q) and z = r cos(q). In the central
region where ·D(r,z) is independent of z, Eq. (5) reduces to:

(6)

This approach represents an improvement in the situation; however, the cell to
cell variation is only marginally improved, especially near the source ends.

An alternative approach is to model long sources as a train of short seg-
ments. One of the motivations that drove one of the authors [17, 18] to calcu-
late only a 3 mm wire segment for 32P was the desire to model dose
distributions from non-uniform sources, as well as to study the effect of changes
in source length. There was also the desire to maintain some degree of corre-
spondence to the other two major systems that employ short (2.5 mm or 3 mm)
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source segments. With a 3 mm wire segment there are no problems with break-
down in the TG 43 formalism. In addition, it is possible to make dose profile
calculations for a curved source, as can also be done with seed based sources
using the TG 43/TG 60 formalism. This is a very powerful argument for not
changing the formalism, but rather to use data for a shorter wire segment to
model the dose distribution for a longer source.

4. STANDARDS, PROTOCOLS, RECOMMENDATIONS 
AND GUIDANCE DOCUMENTS 

Modern protocols for brachytherapy dosimetry started with the work of
the Interstitial Collaborative Working Group, published in 1990, which evolved
into the AAPM TG 43 recommendations, published in 1995 [1]. Since then
there have been a number of guidance documents and codes of practice pub-
lished by AAPM working groups on brachytherapy, the latest being the work
of TG 60 on intravascular brachytherapy [2]. These latter recommendations
have been supplemented by the work of the Deutsche Gesellschaft für
Medizinische Physik (DGMP) Working Group 18, which published Report 16
in 2001 [11]. The IAEA has published a series of technical documents on
brachytherapy dosimetry, the latest being IAEA-TECDOC-1274 in 2002 [6].
Also, the International Commission of Radiation Units and Measurements
(ICRU) is publishing recommendations on the dosimetry of beta particle and
low energy photon sources used for medical applications [17], and the
Endovascular Groupe Européen de Curiethérapie/European Society for
Therapeutic Radiology and Oncology (EVA/ESTRO) has published recom-
mendations for prescribing, recording and reporting in intravascular
brachytherapy [19]. Finally, there is an initiative to create an International
Organization for Standardization (ISO) standard on the dosimetry of beta par-
ticle brachytherapy sources [10]. There are commonalities and differences
among these various guidance documents. Of interest in this paper are those
that deal with dosimetry and source specification.Table IV shows a comparison
of the various documents, indicating which sources are covered, which refer-
ence distances are recommended, and whether the documents contain data and
recommended dose calculation formalisms and how calibrations are to be
transferred and verified at the clinical level. From Table IV it can be inferred
that there are two distinct genealogies of these documents, as indicated by the
transfer methods recommended. The North American approach advocating
that well chambers are sufficient for this purpose is taken in the AAPM, IAEA
and ICRU documents. The European approach advocating that absorbed dose
should be measured directly is taken in the DGMP and EVA/ESTRO docu-
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TABLE IV. COMPARISON OF RECOMMENDATIONS DOCUMENTS
FOR BRACHYTHERAPY

Document Source
Reference

Data Formalism
Transfer

distance method

AAPM 192Ir, 125I, 103Pd 1 cm Yes TG 43 —
TG 43 [1]

AAPM Intravascular 2 mm No TG 43/TG 60 —
TG 60 [2] sources (seed and line),

0.5 mm shell

DGMP Intravascular 2 mm No — Measure
Report 16 sources (intracoronary), reference
[11] 5 mm absorbed

(peripheral) dose

EVA/ Intravascular — No Radial only, Measure
ESTRO sources away and along, reference
[19] TG 43/TG 60 absorbed

dose

IAEA- All 1 mm No TG 43/TG 60 Use well
TECDOC- brachytherapy (ophthalmic), ionization
1274 [6] sources 2 mm chamber

(seed and line), and film
0.5 mm (shell)

ICRU 125I, 103Pd, 1 mm Yes TG 43/TG 60 Use well
Report 90Sr/90Y (seed (ophthalmic), ionization
No. 72 [17] and planar), 2 mm chamber

106Ru/Rh (seed and line), and film
(concave), 0.5 mm (shell)
32P, others

ISO ad hoc Beta 1 mm ? Radial only, Measure
group [10] intravascular (ophthalmic), away and along, reference 

and ophthalmic 2 mm TG 43/TG 60 absorbed 
only (intracoronary), dose and/or

5 mm well 
(peripheral) ionization

chamber/
film



ments. It is the opinion of the authors that the two approaches should be
thought of as being complementary, rather than favouring one over the other.
It is hoped that this dual approach will be adopted in the forthcoming ISO
recommendations.
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Abstract

The Nederlands Meetinstituut is developing a new primary standard for the
dosimetry of beta radiation emitting brachytherapy sources in terms of absorbed dose
to water. This standard is based on an extrapolation chamber with a small (1 mm
diameter) collecting electrode. The electrode and guard are made of aluminium, which
requires the determination of a correction that takes into account the different
scattering behaviour of beta rays in aluminium with respect to the reference material,
water. The extrapolation chamber has been tested successfully for the determination of
the absorbed dose rate at the surface of a flat, cylindrical 90Sr/90Y source. The dose
distribution of the source has also been measured. The primary standard will play a key
role in a quality assurance protocol for the clinical use of brachytherapy sources in
Belgium and the Netherlands.

1. INTRODUCTION

The application of beta radiation emitting radioactive sources in medicine
is rapidly expanding. An important new application is the use of beta radiation
emitting radioactive sources in endovascular brachytherapy to avoid restenosis.
The ophthalmic applicator (a flat or concave surface beta source) is a well
known type of brachytherapy source for the treatment of tumours in the eye.

Dose and dose distributions are very important characteristics of
brachytherapy sources. The absorbed dose in the treated tissue should be
known accurately to ensure a good quality treatment and to develop new treat-
ment methods and source configurations. However, owing to the short range of
the beta rays, the dosimetry of these sources is quite difficult. Several detection
systems, such as thermoluminescent dosimeters, radiochromic dye films, plastic
scintillators, diodes, fixed volume ionization chambers and extrapolation cham-
bers (see, for an overview, Refs [1, 2]), have been used in the dosimetry of
brachytherapy sources. Most of the methods require calibration with other
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radiation sources against other (primary) standards, giving rise to new prob-
lems and uncertainties. Only the extrapolation chamber can be used as a pri-
mary standard. Currently, only at the National Institute of Standards and
Technology in the United States of America is such a primary standard in
operation.

To serve the manufacturers and users of both endovascular and oph-
thalmic beta sources, a project was initiated in 2000 by the Nederlands
Meetinstituut (NMi) for the development of a primary standard for the
dosimetry of these sources. The primary standard consists of an extrapolation
chamber with a small measuring electrode with a guard electrode, both made
of aluminium, and a scanning mechanism to measure both dose and dose dis-
tributions. The standard will become a part of a quality assurance protocol for
clinical practice, which is currently under development by a task group of the
Nederlandse Commissie voor Stralingsdosimetrie (NCS).

2. THE DUTCH PRIMARY STANDARD

2.1. Extrapolation chamber

The measurement of absorbed dose in tissue with an extrapolation cham-
ber is based on the Bragg–Gray principle. Owing to the limited range of beta
rays, the best approach for the Bragg–Gray cavity is an infinitesimal volume.
Obviously, ionization cannot be measured in such a volume, and therefore the
ionization at zero volume is derived from the extrapolation of the measured
values of the ionization current at a number of different (but small) air vol-
umes. For an ionization chamber with a fixed electrode area and a variable elec-
trode separation, d, the absorbed dose rate in water,

·
Dw, can be expressed as:

(1)

where sw/a is the ratio of the stopping powers between water and air,
—
Wa is the

average energy required to produce an electron–ion pair in air, e is the electron
charge, A is the surface of the collecting electrode, r0 is the density of air at
standard pressure, temperature and humidity, I is the ionization current and k1
and k2 are groups of correction factors to compensate for the fact that a prac-
tical extrapolation chamber does not completely fulfil the Bragg–Gray condi-
tions and that the measurement conditions can vary.
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The set-up of the extrapolation chamber of the NMi is shown in Fig. 1.
The central part of the extrapolation chamber is the electrode. It consists of a
small central (collecting) electrode (diameter 1 mm) surrounded by a large
guard electrode. Both the central and guard electrodes are made of aluminium;
aluminium was chosen as it can be machined accurately and smoothly. Between
the central and the guard electrode there is a small gap of 50 mm.
Measurements with different sizes of the central electrode in a parallel X ray
beam showed that the effective area of the central electrode is equal to the area
of the electrode plus the inner half of the gap.

The extrapolation chamber is mounted in the downward direction on a
platform, which is supported by three legs. The central and guard electrode are
mounted on a translation stage with a resolution of 0.1 mm, equal to the accu-
racy of the calibration of the movement, which moves the electrode up and
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down. The entrance window of the extrapolation chamber (12 mm thick single
sided aluminized polyethylene terephthalate (Mylar)) is mounted statically on
the platform over a hollow cylinder in which the electrode can move. The
entrance window can be adjusted with three micrometer screws in order to be
exactly parallel with the electrode. This adjustment can be done with an accu-
racy of 2 arcsec with the help of an autocollimator.

A source holder has been mounted on a motorized x,y,z translation table.
This allows the accurate positioning of the source in the horizontal (x,y) plane
under the chamber and allows the making of a scan of the dose distribution of
the source. For reproducible dose rate measurements it is required that the
source (for surface dose rate measurements) or the phantom containing the
source (for depth dose measurements) be just in contact with the entrance win-
dow. A special procedure in the data acquisition program, together with the z
axis translation stage, enables the automatic positioning of the source in the
direction of the entrance window of the extrapolation chamber.

The ionization current in the chamber is measured by means of a Keithley
6517A electrometer, which also supplies the voltage at the entrance window.
Throughout the measurements a constant electric field of 100 V/mm is main-
tained. The whole set-up, including the monitoring of ambient conditions, is
controlled by a data acquisition program, written in Delphi.

2.2. Correction factors

Owing to the fact that extrapolation chambers are never ideal, correction
factors are needed to convert the measured data into an absolute dose rate. As
can be seen in Eq. (1), the correction factors are divided into two groups: k1 con-
tains correction factors that have a constant value (i.e. corrections for the
entrance window, decay of the source and air density) and k2 contains correction
factors that depend on the electrode separation, d. Owing to the application of
aluminium central and guard electrodes, k2 contains (among others) a correc-
tion for the difference in backscatter properties between water and aluminium
(kbacksc). This dominant correction factor depends on the source geometry and
on the energy spectrum of the beta radiation. For its determination it is com-
bined with other source dependent corrections to form ksource, which also con-
tains a correction for the radial inhomogeneity of the beta radiation field, krad,
a correction for the divergence of the beta radiation field, kdiv, and a correction
for interface effects between the air volume and the electrode material, kinterf.
The determination of ksource is strongly based on Monte Carlo calculations, for
which the packages PENELOPE [3] and EGSnrc [4] have been employed, fol-
lowed by experimental verification using radiochromic film. To this end,
GafChromic HD-810 film is placed with the emulsion side on aluminium or a
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water equivalent material and irradiated with a beta source.The ratio of the mea-
sured doses gives a value for ksource. It appears that ksource is significantly smaller
than 1 and nearly constant in a range of distances close to the centre of the
source, but increases rapidly at the edges of the source, reaching a maximum just
outside the source area and dropping to 1 at large distances from the source.The
precise shape of ksource mainly depends on the difference in scattering properties
between water and aluminium, but is also dependent on the geometry of the
source, on the energy spectrum of the beta radiation and on d. For other non-
water-equivalent materials, like silicon, a similar behaviour is to be expected.

In general it is important to measure at small values of d (typically
0.05 mm < d < 0.2 mm) to minimize the corrections.

2.3. Measurement procedure

A determination of the dose rate as a function of the position on the
source with the extrapolation chamber would require a complex correction,
ksource. To avoid this we are developing a measurement procedure, which
includes the use of radiochromic film. First, a source is scanned with the extrap-
olation chamber to create a map of the source. Next, at the centre of the source
an extrapolation is performed, since at the centre ksource is almost constant.
Subsequently, a radiochromic film is irradiated with the source, and a detailed
dose rate map is created, with the dose rate from the extrapolation at the ref-
erence point taken as the normalization.

2.4. Measurements

Test measurements have been performed with the extrapolation chamber
on a 90Sr/90Y source from our Buchler secondary standard, which had an activ-
ity of 1.062 GBq on the date of the measurements. This source has a configura-
tion comparable with that of ophthalmic applicators. It is a flat source with an
active area diameter of 7.1 mm. The data acquisition program was used to posi-
tion the source as close as possible to the entrance window. An example of an
extrapolation measurement at the centre of the source is shown in Fig. 2. For
this type of source ksource = 0.83 ± 0.08 (2s) at the centre of the source and
within the range of measurements on which the extrapolation is based. The
uncertainty in the correction factor is a conservative estimate, as this uncer-
tainty is still under investigation. We obtained an absorbed dose rate in water
of (0.27 ± 0.03) Gy/s (2s). The reproducibility of this value was better than 2%
for subsequent remounting, repositioning and extrapolation.



Using the above mentioned dose rate, and using the centre of the source
as the reference point, we performed a measurement on the same source with
radiochromic film. The resulting dose map is shown in Fig. 3. It can be seen that
the activity is not completely homogeneously distributed over the surface of
the source. This is in agreement with a scan with the extrapolation chamber
over the surface of the source.

3. QUALITY ASSURANCE PROTOCOL

An investigation by a task group of the NCS in 2000 showed that little
uniformity is present in the dosimetric quality control of beta emitting
brachytherapy sources.A protocol for the quality assurance in the clinical prac-
tice is currently being developed by the NCS. According to this protocol both
endovascular brachytherapy sources and ophthalmic applicators have to be
checked regularly for strength and homogeneity; well type ionization cham-
bers, plastic scintillators and radiochromic film will be used for this. The well
type ionization chambers and the plastic scintillators will have calibration
factors traceable to the extrapolation chamber at the NMi.
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4. CONCLUSION

With the primary standard for the dosimetry of beta radiation emitting
brachytherapy sources that is under development at the NMi it is possible to
perform an accurate extrapolation for the determination of the dose rate in
terms of absorbed dose in water. The measurement set-up is equipped with an
automated positioning system for the source and an accurate translation stage
for the movement of the electrode, which ensures a very good reproducibility
in determining dose rates.

A number of corrections are required for the determination of the
absolute dose rate, of which the combined correction factor (ksource) for the
source geometry and the backscattering properties of the electrode are the
most difficult and dominant. The factor ksource has been obtained by means of
Monte Carlo calculations and measurements. We are presently finalizing the
determination of the corrections and the uncertainties of all the steps in the
absorbed dose rate calculation. We believe that the uncertainty assigned to the
dose rate in Section 2.4 can be further reduced. We are developing a procedure
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to measure absolute dose rate distributions of sources with a combination of
the extrapolation chamber and radiochromic film. The first results are
encouraging.
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Abstract

As brachytherapy has become increasingly popular, mainly due to new techniques
in cardiovascular and prostate cancer treatments, the traceability of clinical dose
measurements to national standards has become more and more important. As a
consequence, increasing activities in the field of the dosimetry of brachytherapy sources
can be recognized in most of the national primary standards dosimetry laboratories
(PSDLs). The status and new developments of primary standards for conventional
brachytherapy sources (192Ir), low energy photon sources and beta particle seed and line
sources at two PSDLs (the National Institute of Standards and Technology in the United
States of America and the Physikalisch-Technische Bundesanstalt in Germany) are
presented.

1. STANDARDS FOR THE CALIBRATION OF 192Ir SOURCES

The first calibration of a medical 192Ir source at the Physikalisch-
Technische Bundesanstalt (PTB) in terms of a reference air kerma rate was
performed about ten years ago. The calibration procedure, which is still main-
tained, consists of the calibration of a transfer ionization chamber against the
PTB’s primary standards for air kerma in the X ray range from 10 keV to 250
keV and in 137Cs and 60Co gamma radiation beams. By use of the known X ray
spectra, the response of the transfer standard as a function of photon energy is
calculated from the measured values. A subsequent integration over the 192Ir
spectrum results in a calibration factor of the transfer standard for 192Ir radia-
tion [1]. Additional shadow shield measurements are performed to determine
the amount of backscatter and stray radiation.
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At present, the National Institute of Standards and Technology (NIST)
does not perform equivalent calibrations. Rather, the calibration established by
Loftus [2] is maintained at NIST through the use of a re-entrant ionization
chamber. Studies are under way at NIST to compare the method described in
IAEA-TECDOC-1079 [3] with the method commonly used in the United States
of America [4] for the calibration of 192Ir sources. Auxiliary measurements with
the re-entrant ionization chamber and some additional measurements are also
performed for 192Ir seeds at NIST. These include ‘fingerprinting’ measurements
with radiochromic film, measurements in various types of well ionization cham-
ber, high resolution gamma spectrometry and some measurements of the
absorbed dose rate at various depths in a phantom with radiochromic film and
scintillators.

2. STANDARDS FOR LOW ENERGY PHOTON SOURCES

2.1. Wide angle free air chamber 

Starting in 1998 NIST began offering calibrations of 125I and 103Pd seeds
in terms of air kerma strength using a wide angle free air chamber (WAFAC)
developed by Loevinger [5]. The WAFAC has important advantages over con-
ventional free air chambers as a primary standard for the radiation produced
by these sources. It accepts a large solid angle of radiation incidence and its
active volume is about 150 times larger than normal free air chambers. These
advantages result in a much improved sensitivity and signal to background
ratio, and allow the measurement of single sources with contained activities
suitable for clinical use. The calibration of 125I and 103Pd seeds is affected by
the presence of 4.5 keV Ti characteristic X rays from the seed encapsulation,
which contribute to the reference air kerma but are of no therapeutic rele-
vance. To cope with this, the source radiations are very lightly filtered to
remove this component. The chamber has been compared with the existing,
smaller volume standard free air chamber using NIST bremsstrahlung X ray
beams with maximum energies of 40 keV and below. The relative measured
air kerma rates in these beams with these chambers agree to better than
±0.5%.

For measurements with the WAFAC the source is mounted on the tip of
a rotating platform, which allows the averaging of any radiation field non-
uniformities perpendicular to the source axis. An aluminium absorber with a
mass thickness of 23 mg/cm2 is mounted about 10 cm from the source to
remove the contaminant Ti K X rays from the source cladding. The front surface
and reference plane of the WAFAC is 300 mm from the source and the entrance
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aperture is 80 mm in diameter. Aluminized polyethylene terephthalate (PET)
foils are used for both the polarizing electrode at voltage V and the 150 mm
diameter collecting electrode at ground potential. The 250 mm diameter cylin-
drical middle electrode can be varied between 150 mm and 10 mm in length, and
is kept at potential V/2, which results in a much more uniform potential distribu-
tion within the chamber volume and ensures the complete collection of the ion-
ization charge within the chamber. Wall effects due to the front and back
electrodes are removed by subtracting the current produced in the 10 mm long
configuration from that produced in the 150 mm long configuration.

The air kerma strength, S, is given by:

(1)

where

is the average energy needed to produce one coulomb of charge in dry air
equal to 33.97 ± 0.05 J/C;

Inet is the net current (corrected to reference conditions of temperature and
pressure) between the 150 mm and 10 mm configurations, with leakage
and background subtracted;

r is the distance from the source to the WAFAC aperture front surface;
r0 is the density of air at the reference temperature and pressure;
Veff is the effective volume (aperture area times difference in middle elec-

trode lengths);
k is the product of corrections to the measured current, as discussed 

below.

Besides the corrections for reference temperature and pressure, the cur-
rent measurements are corrected for:

(a) Radioactive decay using the half-life of the isotope being measured;
(b) Recombination;
(c) The attenuation of the primary radiations by the aluminium filter used to

remove the Ti K X ray photons;
(d) The attenuation of the primary photons in the air space between the

source and the WAFAC front surface aperture;
(e) The attenuation within the volume of the WAFAC;
(f) The inverse square correction for the aperture diameter, to account for

the differences in photon fluence rate over the diameter of the aperture;

W
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(g) Humidity;
(h) The in-chamber photon scatter, to account for photons scattered out of

the aperture defined beam, as well as for those scattered into the collec-
tion volume by the chamber itself;

(i) The source holder stem scatter, to account for photons that are scattered
into the WAFAC collection volume by the rotating platform on which the
seed is placed during calibration;

(j) The in-chamber electron loss, to account for secondary electrons that
leave the collection volume before expending their entire energy in the
form of ionization;

(k) The aperture penetration, to account for incident primary photons pene-
trating the defining aperture;

(l) The external photon scatter by the air between the source and 
the WAFAC aperture as well as by the filter, which causes a slight
buildup.

For the WAFAC used with single seeds, the measurement uncertainty is
largely driven by the reproducibility of the net ionization current, Inet. For
sources of air kerma strength of less than 25 mGy·m2·h–1 this can vary between
0.1% and 2.0% (k = 1) from seed to seed. This reproducibility is affected by the
magnitude of the measured currents and variations of the WAFAC leakage
current during the measurement relative to these magnitudes.

In addition to measurements with the primary standard, various auxil-
iary measurements are made of submitted sources in order to understand bet-
ter how transfer standard instruments will respond. These measurements also
serve as a consistency check on the WAFAC calibration results. Source
anisotropy is examined by observing the variations in the WAFAC signal as a
function of seed orientation about its axis. Some types of seed can exhibit
rather large relative anisotropies, exceeding ±10% in some cases. All submit-
ted sources are ‘fingerprinted’ using contact autoradiography with
radiochromic film. These radiographs, when read by high resolution densitom-
etry, reveal details of source structuring. The relationship between measured
air kerma strength with the WAFAC and the response of various well type ion-
ization chambers is established for each submitted seed [6]. This information
is important for secondary laboratories and users who rely on these types of
chamber to transfer NIST calibrations. Finally, photon spectra are obtained
using high resolution spectrometric techniques. These measurements are
important, since subtle variations in the emergent photon spectrum within a
seed type explain the substantial variations observed in the responses of well
ionization chambers.
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2.2. Large volume extrapolation chamber

Although the PTB’s activities are strongly orientated towards the concept
of in the future providing calibrations only in terms of absorbed dose to water
for all brachytherapy sources, including low and high energy photon sources
(see Section 5), for the present a special extrapolation chamber with a large
volume, suitable for measuring the reference air kerma rate of single 103Pd and
125I sources, has been constructed. The large volume extrapolation chamber
(LVEC) is currently under investigation in regard to correction factors, which
are mostly the same as those mentioned in Section 2.1. The LVEC is intended
to go into operation in about one year.

Additional measurements, such as high resolution spectrometry,
GafChromic film measurements and calibrations of well type ionization cham-
bers, will also be performed to characterize the low energy photon source
completely.

3. BETA PARTICLE SEED AND LINE SOURCES

3.1. NIST 1 mm extrapolation chamber

A special extrapolation chamber is used at NIST to determine the refer-
ence absorbed dose rate from a beta particle emitting seed or wire source. For
these measurements the source is inserted into a hole in a tissue equivalent
plastic block (A150), with the centre of the source at a distance of 2 mm from
the block surface. At this depth the radiation field from a seed or wire source
is such that a collecting electrode diameter of 1 mm can be used to measure the
absorbed dose rate.

The absorbed dose rate is determined from current measurements at a
series of air gaps; the slope of the current versus air gap function at the limit of
zero air gap width is determined by curve fitting. The absorbed dose rate in
water,

·
Dw, is then given by the Bragg–Gray relationship:

(2)

where 

sw,air is the ratio of the mean mass collision stopping power of water to
that of air;

,air
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a is the effective area of the collecting electrode;
k is the product of corrections to the ionization current, which do not

depend on the chamber depth, ;
k¢ is the product of corrections to the ionization current, which depend

on chamber depth;
(DI/D ) Æ0 is the rate of change of the ionization current with extrapolation

chamber depth as the depth approaches zero.

The other symbols in this equation are as described for Eq. (1).
Corrections to the measured current, which depend on the chamber

depth or may change during the measurement of a complete extrapolation
curve, are corrections due to reference temperature and pressure, decay (for
short half-life sources such as 32P), recombination and the effects caused by the
divergence of the radiation field. The only correction assumed to be indepen-
dent of the chamber depth is that for the difference in backscatter between the
material of the collecting electrode and the reference medium (water).

For the NIST extrapolation chamber with a 1 mm diameter collecting
electrode, the major component of measurement uncertainty is the uncer-
tainty in the effective area of the collecting electrode. While the physical area
can be determined accurately using a travelling microscope, the fraction of the
area of the insulating gap (which isolates the collecting electrode from the
guard electrode), which should be included in the effective collecting elec-
trode area, is not accurately known, owing to the relatively large width of the
insulating gap (about 0.3 mm) in this electrode. Another large component of
uncertainty is that in the stopping power ratio, which arises from the uncer-
tainty in the beta particle spectrum at distances in water close to the source.
This component could be reduced using careful Monte Carlo calculations to
predict the beta particle spectrum, over which the stopping power ratio should
be averaged.

There are limitations associated with the NIST extrapolation chamber
because of the unacceptably large uncertainty (±7.5%, k = 1). These problems
are associated with the construction of the 1 mm diameter collecting electrode
(see above) and the uncertainty in the value of the limiting slope due to curva-
ture in the current versus chamber depth function, caused mainly by the source
radiation field divergence.

These problems are expected to be overcome by a new design of the col-
lecting electrode of the extrapolation chamber, based on work already in
progress at the PTB, which is described below. In addition, it is expected that a
more complete analysis of the divergence effect will result in corrections that
will largely remove the curvature in current versus chamber depth functions,
yielding less ambiguous extrapolations of the terminal slope.
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3.2. Multielectrode extrapolation chamber at the PTB

A new primary standard has been developed at the PTB that enables
the realization of the unit of absorbed dose to water in the vicinity of beta
brachytherapy sources [7]. In the course of its development, the recommen-
dations of the American Association of Physicists in Medicine (AAPM) TG 60
[8] and the Deutsche Gesellschaft für Medizinische Physik (DGMP) Working
Group 18 [9] were taken into account. The primary standard is based on a
newly designed multielectrode extrapolation chamber (MEC), which meets
in particular the requirements of a high spatial resolution and a small uncer-
tainty. In contrast to a conventional extrapolation chamber, the central part
of the MEC is a segmented collecting electrode, which was manufactured in
the clean room centre of the PTB by means of electron beam lithography on
a wafer. About 30 collecting electrodes (e.g. 1 mm × 1 mm in size) can be
arranged in the centre of the wafer, with insulating gaps of only 2 mm. A pre-
cise displacement device consisting of three piezoelectric macrotranslators
has been incorporated to move the wafer collecting electrode relative to the
entrance window. The three piezoelectric macrotranslators, which are
arranged at angles of 120° around the centre, ensure electrode positioning to
within a standard uncertainty of 0.2 µm. The entire stroke mechanism has
been built on a two axis positioning system, allowing the continuous scanning
of the absorbed dose rate distribution. The spatial resolution can be improved
using wafers with smaller collecting areas, and individual wafers can be
designed for different measurement situations. An electromechanical adjust-
ment system based on a capacitance bridge circuit has been developed for the
adjustment of the wafer collecting electrode to be parallel to the entrance
foil. This procedure allows the wafer to be adjusted parallel to the entrance
foil within an angular deviation of less than 100 µrad.

The MEC allows a three dimensional dose distribution to be measured
with high spatial resolution without having to rely on an additional relative
dosimetry system, thus avoiding additional uncertainties. A measuring
microscope insert is intended for the necessary lateral adjustment between
the source axis and the collecting electrode. A defined lateral positioning of
better than 50 mm should thus become possible. Extrapolation chamber
measurements in the vicinity of a plane beta source have proved the
suitability of the MEC as a primary standard. With sizes of collector
electrodes as small as 1 mm × 1 mm and a dose rate of approximately 
10 Gy/min, calibrations were performed with a relative combined standard
uncertainty of 3.8%. The relative reproducibility of the MEC is 1.5% 
(k = 1).
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4. BETA SECONDARY STANDARD

To enable clinics practising the irradiation of coronary vessels to ensure
the traceability of their dose measurements, the PTB has developed a sec-
ondary standard for cardiovascular brachytherapy using beta radiation sources.
This standard consists of a 90Sr/90Y extended beam source about 15 mm in
diameter with an activity of about 7.5 GBq, which is enclosed in a suitable pro-
tective casing. To provide different dose rates the source can be brought into
five different beam positions (at distances of between 1.7 mm and 50 mm from
a reference area) by means of a precise mechanical system almost free from
play. This results in a 40 fold dose rate variation. Directly in the reference plane
and behind several tissue equivalent layers, the thicknesses of which are
0.1–8 mm, the water absorbed dose rate is determined using an extrapolation
chamber as a primary standard measuring device. In addition, the radial dose
rate distribution is measured for each of the different layer thicknesses with the
aid of a special ionization chamber of a high spatial resolution. With this sec-
ondary standard, which is produced under licence by a German manufacturer
and calibrated at the PTB, the clinical user gets a beta radiation field in a water
equivalent medium that is specified in three dimensions in terms of dose rate
and shows properties similar to fields from clinical radiation sources. By the
calibration of dosimeters in this radiation field, the user can ensure that the
dose measurements are traceable to the national standards of the PTB.

The main uncertainties in the calibration of the secondary standard are
due to the correction factors accounting for the radial dose distribution and the
source radiation field divergence. The latter correction has been determined by
Monte Carlo calculations using the MCNP4-C code, which has shown that the
curvature in current versus chamber depth functions is nearly completely
removed when this correction is applied.

The overall relative uncertainty (k = 2) of the calibration of the secondary
standard is 7.5%. In the future the specification of similar reference radiation
fields for 106Ru/106Rh is planned.

5. PRIMARY STANDARD FOR ABSORBED DOSE TO WATER 
FOR PHOTON SOURCES

The German Radiology Standards Committee (NAR, Normenausschuss
Radiologie) has made a decision in favour of the use of absorbed dose to water
for all dose measurements in radiation therapy. Consequently, in the future all
sources used in brachytherapy, including high and low energy photon sources,
should be calibrated in units of absorbed dose to water in a water phantom
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instead of in terms of the air kerma rate in free air, as performed now. To pro-
vide future calibrations of brachytherapy photon sources in the energy range
from 20 keV to 1.2 MeV, the PTB is extending the energy range of its existing
primary standard [10] for water absorbed dose for therapy X radiation to lower
photon energies. The principle of the primary standard is based on extrapola-
tion measurements in a graphite phantom, which allows the determination of
the graphite kerma in a specified depth of the graphite phantom for low energy
photons. A three component model, which separately considers the contribu-
tions of absorbed dose to air in the extrapolation volume from photo, Compton
and Auger electrons, was developed for the determination of the graphite
kerma [11]. By use of the graphite to water ratio of the mass energy absorption
coefficients, the water kerma in graphite at this depth can be calculated, and a
transfer standard can be calibrated in terms of water kerma at the same point
in the phantom. By transferring this standard into a water phantom, the water
kerma in water, which is identical to absorbed dose to water, can be measured.
The different stray and scatter conditions between water and a graphite
phantom are taken into account by corrections determined by Monte Carlo
calculations.

Suitable transfer detectors for this calibration procedure are currently
under investigation at the PTB. Possible types are ultrathin thermoluminescent
dosimeters, GafChromic film, liquid ionization chambers and small scintillation
detector systems; the properties of the latter are being improved for use in
brachytherapy in a joint programme of the PTB and the universities of Essen
and Dortmund.
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Abstract

In addition to the curative brachytherapy of intraocular tumours, beta radiation
has proved to be successful in intravascular brachytherapy and makes a significant
contribution to reducing the risk of restenosis after the interventional revascularization
of arterial stenosis. The rapidly increasing use of beta radiation requires international
standardization for clinical beta radiation dosimetry. There seems to be a relatively wide
agreement on the use of the measurand absorbed dose to water at the clinically relevant
distance (e.g. 2 mm). IAEA-TECDOC-1274 recommends well type ionization chambers
as working standards for calibration. Deutsche Gesellschaft für Medizinische Physik
Report 16, however, recommends calibration by means of a (small) detector (e.g. a thin
scintillator) positioned at the reference calibration distance. Although some degree of
skill and knowledge is required to perform this method correctly, it is considered to be
superior as it approximates a clean physical measurement of the radiation clinically used
and at the point of clinical interest of the dose distribution. Based on these
recommendations, the Dosimetry Task Group of the Deutsches Institut für Normung—
Normenausschuss Radiologie has initiated an international ad hoc working group to
prepare within one year an International Organization for Standardization new work
item proposal on the standardization of clinical dosimetry, which will be used to prepare
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a code of practice for clinical beta radiation dosimetry. The topics are: beta sources and
source data; calibration principles; primary, secondary and transfer standards;
traceability; instrument requirements for in-phantom dosimetry, clinical dosimetry and
dosimetric quality assurance; dose calculation and presentation of dose distributions; and
dose specification and reporting.The results of its first meetings in March and September
2002 and further activities are reported.

1. INTRODUCTION

Beta radiation is of rapidly increasing interest for radiotherapy. In addi-
tion to the curative treatment of small and medium sized intraocular tumours
by means of ophthalmic beta radiation applicators, intravascular brachytherapy
has proved, in over 50 clinical trials with more than 5000 patients, to reduce sig-
nificantly the risk of restenosis after interventional treatments of arterial steno-
sis in coronaries and peripheral vessels. Most of these treatments were
performed using therapeutic beta radiation. Prior to initiating procedures
applying beta radiation in radiotherapy, it will, however, be necessary to har-
monize methods for the determination and specification of the absorbed dose
to water or tissue and the spatial distributions they provide. In accordance with
this global need for standardization in clinical beta radiation dosimetry, the
Dosimetry Task Group of the Deutsches Institut für Normung—Normenaus-
schuss Radiologie (DIN-NAR) has initiated an international ad hoc working
group for an International Organization for Standardization (ISO) new work
item proposal for the standardization of procedures in clinical dosimetry to
ensure the reliable application of therapeutic means.

This paper explains the general background and the strategy of the com-
mittee to initiate this new work in the field of standardization. The shortcom-
ings but also the merits of two guidelines recently published for brachytherapy
are discussed, and the main new issues of the planned standard as well as the
scope and the outline are touched upon. Moreover, the general question is
raised as to whether the ISO and the International Electrotechnical
Commission (IEC) should play a more active role in producing international
standards in the field of medical physics, which would help to avoid the numer-
ous national and international standards being drawn up, which often make
conflicting recommendations.

2. IAEA-TECDOC-1274

IAEA-TECDOC-1274 [1] is a help in photon brachytherapy calibration.
However, for beta sources the IAEA recommends well type ionization cham-
bers as working standards calibrated in terms of absorbed dose to water, and as
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a supplementary quantity the contained activity (see table I in Ref. [1]). No
additional performances, for example the uniformity of the activity distribution
of the source, have to be checked.

3. DEUTSCHE GESELLSCHAFT FÜR MEDIZINISCHE PHYSIK
REPORT 16

Deutsche Gesellschaft für Medizinische Physik (DGMP) Report 16 [2] is
a very detailed code of practice, especially for the calibration and clinical
dosimetry of intravascular beta radiation sources. This report, which is more
stringent than the American Association of Physicists in Medicine (AAPM)
TG 60 report [3], recommends for all intravascular brachytherapy sources cal-
ibration in terms of absorbed dose to water at the clinically relevant distance of
2 mm for intracoronary applications and 5 mm for peripheral vessels. For all
sources, the calibration in terms of absorbed dose to water should be checked:

(a) At the calibration reference point at a depth of 2 mm for all intracoronary
sources;

(b) At the calibration reference point at a depth of 5 mm for all peripheral
sources.

In addition to this reference absorbed dose, DGMP Report 16 also rec-
ommends measuring complete distributions of the absorbed dose to water dur-
ing the first delivery while checking replaced sources by dose measurements
only at selected points. The purity of the radionuclide should be checked indi-
rectly by measuring at two depths within the range of the beta radiation. The
contribution of the photon radiation to the measuring signal should be mea-
sured at a depth greater than the maximum range of the beta particles (within
the region of background bremsstrahlung). The dose uniformity of the source
should be checked at the radial distance of the calibration reference point (i.e.
at 2 mm or 5 mm) at least at three points along the source and at one point
opposite the calibration reference point.

4. ISO NEW WORK ITEM PROPOSAL: CLINICAL DOSIMETRY —
BETA RADIATION SOURCES FOR BRACHYTHERAPY

4.1. Background

The DIN-NAR celebrated its 75th anniversary in 2002. During the past
few years it has shown a tendency to concentrate its efforts on international
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standards, with particular reference to new radiological procedures. Existing
national standards are re-examined after careful inspection, in co-operation
with national educational and professional associations of medical physicists
such as the DGMP and DEGRO (Deutsche Gesellschaft für Radioonkologie),
with respect to their suitability for international application. Recommendations
should be made to the ISO, as the DIN is a member of the ISO; problems
associated with this are discussed in Section 4.4.

Against this general background and strongly stimulated by medical
physicists and interested commercial enterprises, the Dosimetry Task Group
within the DIN-NAR initiated an international ad hoc working group for the
standardization project Clinical Dosimetry — Beta Radiation Sources for
Brachytherapy. The aim of the group is to prepare an ISO new work item
proposal on this subject.

4.2. Concept of absorbed dose to water calibration

The measurand absorbed dose to water, which is the clinically relevant
dose quantity and is now being used in external beam dosimetry worldwide,
should also be employed to calibrate brachytherapy sources. The Physikalisch-
Technische Bundesanstalt (PTB) strongly supports this concept by developing
new primary and secondary standards for realizing and disseminating the gray
for the measurand absorbed dose to water. The primary standard is based on a
newly designed multielectrode extrapolation chamber (MEC), which in partic-
ular meets the requirements for a high spatial resolution and a small measure-
ment uncertainty [4]. In contrast to conventional extrapolation chambers, the
central part of the MEC is a segmented collecting electrode, which was manu-
factured at the clean room centre of the PTB by electron beam lithography on
a wafer. The MEC allows three dimensional dose distributions to be measured
with a high spatial resolution and without having to fall back on an additional
relative dosimetry system, thus avoiding additional uncertainties. A secondary
beta radiation source, a planar 90Sr/90Y applicator embedded in a suitable con-
tainer, is available for calibrating dosimeters for brachytherapy in hospitals in
terms of absorbed dose to water.

Different traceability concepts are recommended in Sections 2 and 3.
When the well chamber is used as a working standard, the medical physicist in
the clinical environment gets a calibration of high precision, owing to the rela-
tively large output signal of the chamber. However, it must be trusted that the
source is identically activated and that the manufacturer has not changed the
design and construction of the source encapsulation on which the first calibra-
tion was based. Additional means, such as autoradiography, are not deemed
necessary. However, in Ref. [2] calibration by means of a (small) detector (e.g.
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a thin scintillator) positioned at the reference calibration distance is recom-
mended. Although this calibration method requires some degree of skill and
knowledge to perform it correctly, it is considered to be superior as it approxi-
mates a clean physical measurement of the radiation clinically used and at the
point of interest of the dose distribution. This is of particular importance
because of the low penetration of the beta radiation.

4.3. Scope and outline of the standard

The following scope was agreed during the first meeting of the working
group in Essen on 18 and 19 April 2002:

“This standard specifies methods for the determination of absorbed
dose distributions in water or tissue that are required prior to initiating pro-
cedures for the application of beta radiation in intravascular and ocular-
tumour brachytherapy.The intent of this standard is to review methods and
to give recommendations for beta source calibration, dosimetry measure-
ments, dose calculation, dosimetric quality assurance as well as for beta
radiation brachytherapy treatment planning and performance and gives
guidance for estimating the uncertainty of the absorbed dose to water
delivered. The standard is confined to “sealed” radioactive sources such as
source trains of single seeds, line sources, shell and volume sources, plane
and concave surface sources for which only the beta radiation emitted is of
therapeutic relevance. The absorbed dose rate of these sources at the cali-
bration reference point is of high dose rate in intravascular brachytherapy
and of low dose rate in ocular-tumour brachytherapy, respectively.

“The standardization of procedures in clinical dosimetry described in
this standard serves as a basis for the reliable application of beta radiation
brachytherapy. The dosimetric methods apply to intravascular brachyther-
apy treatment for overcoming the problem of restenosis, which is the main
late complication limiting the success of interventional treatment of vas-
cular stenosis, and to curative treatment of ophthalmic disease.

“The document is geared towards organizations wishing to establish
reference methods in dosimetry aiming at clinical demands for appropri-
ate small uncertainty of the delivered dose.This standard does not exclude
that there may be other methods leading to the same or smaller measure-
ment uncertainties.”

Existing normative documents, as well as recommendations such as those
of the AAPM, DGMP, European Society for Therapeutic Radiology and
Oncology (ESTRO), IAEA, International Commission on Radiation Units and



Measurements (ICRU) and Nederlandse Commissie voor Stralingsdosimetrie,
will be taken into account by the ad hoc working group. The planned standard
will be structured as follows:

(a) Scope, normative references and terminology.
(b) Dosimetric quantities for the characterization of the radiation field.
(c) Source data (characteristics of the radionuclides, source reference data

and the source certificate).
(d) Calibration and traceability.
(e) General principles and requirements for absorbed dose measurements

(e.g. scaling, the influence of detector geometry and the effective detector
reference point of measurement).

(f) In-phantom dosimetry (e.g. measurements in a water or water substitut-
ing phantom).

(g) Theoretical modelling and the presentation of dose distributions.
(h) Clinical dosimetry, clinical quality control and irradiation treatment

planning.
(i) Uncertainties.

4.4. Role of the ISO and IEC for the production of standards 
for medical physics

The need to develop and disseminate international standards with rec-
ommendations for dosimetry procedures for use in brachytherapy is widely
accepted.What, however, is the present state of producing standards in medical
physics (see Fig. 1 [5])? Medical physicists, manufacturers, authorities, repre-
sentatives of national metrology institutes and others co-operate in organiza-
tions having strong relations with medical physics, such as the AAPM, DGMP,
ESTRO, IAEA and ICRU, to satisfy their need for standardization by writing
recommendations, guidelines, etc. The documents often allow for national fea-
tures or reflect specific views of the individual organizations and, in general,
frequently have only loose links to acknowledged standardization bodies such
as the American National Standards Institute, DIN, IEC or ISO.

Both the ISO and IEC develop and maintain international standards
through the activities of technical committees and their subsidiary bodies. The
ISO and IEC directives define the basic procedures to be followed. A number
of them are common to the ISO and IEC, and some are unique and published
in separate supplements. There are strict definitions for the organizational
structure and the responsibilities for the technical work. The development of
international standards is subdivided into a number of stages, starting with a
preliminary stage and ending with the publication stage. Members of the IEC
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or ISO are involved in the decision processes through votes and comments.
Clear procedures for the maintenance of standards have been laid down. The
maximum time elapsing before a systematic review of a standard is five years.
A standard may be confirmed, amended, revised or withdrawn.The consistency
of IEC and ISO standards is very important; this relates particularly to stan-
dardized terminology, quantities and units, bibliographic references, technical
drawings and diagrams. A number of general documents published by the ISO
and IEC should be followed; these deal with, for example, subjects such as the
tolerancing of dimensions and the uncertainty of measurement, statistical
methods, environmental conditions and associated tests, safety, conformity and
quality. In addition, the content of a document published by the ISO or IEC is
drawn up so as to facilitate direct application as a regional or national standard
and adoption without modification.

All these long term quality management procedures and strategies are
difficult to map out and maintain by national and international scientific, edu-
cational and professional organizations of medical physicists. The strong point
of these organizations is the motivation of and co-operation and fast commu-
nication between their members. To transform their ideas and proposals into
consolidated templates for standards is the role of the delegates of the mem-
bers of the IEC and ISO.
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The IEC has established Technical Committee No. 62 (TC 62), Electrical
Equipment in Medical Practice, to prepare international standards for the
manufacture, installation and application of electrical equipment as used in
medical practice. Subcommittee SC 62C, Equipment for Radiotherapy, Nuclear
Medicine and Radiation Dosimetry, prepares standards for the safety and per-
formance of medical equipment using high energy radiation for the treatment
of cancer, associated equipment such as simulators used in treatment planning,
dosimeters for measuring the quantity of radiation delivered, and nuclear med-
icine equipment used for imaging the distribution of radioactive substances in
the human body for diagnostic purposes. Working Group 3 of SC 62C deals
with the performance of dosimeters.

The ISO does not yet have a technical committee equivalent to IEC
TC 62 to match the concepts and methods of medical physics to the diagnosis
and treatment of human disease. Recommendations for dosimetry procedures
for use in brachytherapy could be established in such a committee. As an
interim solution, however, the new work item proposal, Clinical Dosimetry —
Beta Radiation Sources for Brachytherapy, could be addressed by TC 85,
Nuclear Energy, which published the ISO/ASTM 51939:2002 standard, Practice
for Blood Irradiation Dosimetry. This plan was supported during an advisory
group meeting of TC 85/SC 2 on 29 May 2002 in Ringhals, Sweden. The com-
pletion of the new work item proposal for beta brachytherapy by the ad hoc
working group is scheduled for spring 2003. Which technical committee of the
ISO will address the matter will then be decided upon.

5. CONCLUSIONS

The bilingual DGMP Report 16 has found broad international accep-
tance as a guideline for the medical–physical aspects of intravascular
brachytherapy and has partly been included in other recommendations (by
ESTRO and the AAPM TG 60 update draft). Based on these and other nor-
mative documents, the DIN-NAR project, launched at the first meeting of the
international working group on 18 and 19 March 2002, has already collected
and prepared interesting material on the calibration and dosimetry of beta
radiation brachytherapy sources in terms of absorbed dose to water. The
detailed ISO new work item proposal will be completed in the spring of 2003.
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Abstract

The energy dependence of the response to air kerma of four different liquid
ionization chambers (LICs) of various geometries and filled with various liquid mixtures
has been investigated. Two LICs were filled with a mixture of 40% TMS
(tetramethylsilane) and 60% isooctane. One of these LICs was a plane-parallel chamber
5 mm in diameter and with a 0.3 mm electrode spacing and the other was a thimble
chamber with an inner diameter of 3.0 mm, an outer diameter of the inner electrode of
1.0 mm and a height of 3.0 mm. For both chambers the measured response to air kerma
varies by a factor of about 2 to 3 in the photon energy range relevant for brachytherapy
of 15 keV to 220 keV. Two LICs were filled with a mixture of 60% TMS and 40%
isooctane. Both were plane-parallel chambers, one was 5 mm in diameter and with a 0.3
mm electrode spacing and the other was 2.5 mm in diameter and with a 0.35 mm
electrode spacing. For both chambers the response to air kerma varies by a factor of
about 1.5 in the same energy range. The energy dependence of the LICs cannot be
explained only by the liquid to air ratio of the mass energy absorption coefficient. Monte
Carlo calculations carried out with EGSnrc show a chamber response significantly
different from the measured response. Measurements (assisted by Monte Carlo
calculations) of the ion yield of the ionization liquid exhibit a pronounced energy
dependence from about 1 keV/ion pair at about 10 keV to 250 eV/ion pair for 137Cs
gamma radiation.Taking the ion yield of the ionization liquid into account, the deviation
between the measured and the calculated response reduces to less than ±10%.

1. INTRODUCTION

In its recent reports on cardiovascular brachytherapy the Deutsche
Gesellschaft für Medizinische Physik recommends that the source strength of
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brachytherapy sources be characterized in terms of absorbed dose to water at
a distance of 2 mm from the central axis of the source [1]. As a consequence,
the detection volume of the detector has to be sufficiently small for the neces-
sary spatial resolution to be obtained. Additionally, the response of a detector
suitable for characterizing such sources with respect to absorbed dose to water
should depend only to a small extent on the radiation energy.

The liquid ionization chambers (LICs) described in Refs [2, 3] seem to be
a promising means for this type of measurement. The two components of the
ionization liquid (tetramethylsilane (TMS) and isooctane) can be mixed in a
ratio that ensures that the mass energy absorption coefficient of the resulting
mixture deviates from that of water by less than ±15% down to photon ener-
gies of 10 keV. Owing to the high density of the ionization medium, the spacing
between the two electrodes of the ionization chamber can be made as small as
a few tenths of a millimetre, with the resulting ionization current remaining suf-
ficiently large.

Previous investigations [4] of the properties of LICs have shown that the
long term stability of LICs is in the range of less than 0.4%. Recombination
effects can be accounted for by using appropriate correction formulas [3], and
the temperature dependence of 0.5%/K of the response can be corrected for
[3].

2. EXPERIMENTAL SET-UP AND MONTE CARLO CALCULATION

The LICs used in the investigation were two plane-parallel chambers, one
5 mm in diameter and with a 0.3 mm electrode spacing (a ‘large plane-parallel
chamber’) and one 2.5 mm in diameter with a 0.35 mm electrode spacing 
(a ‘small plane-parallel chamber’), and a thimble chamber with an inner diame-
ter of the outer electrode of 3.0 mm, an outer diameter of the inner electrode of
1.0 mm and a height of 3.0 mm. The ionization medium for the two plane-paral-
lel chambers was a mixture of 60% TMS and 40% isooctane, and for the thimble
chamber and for the large plane-parallel chamber was a mixture of 40% TMS
and 60% isooctane. All chambers were operated at a high voltage (300 V).

Owing to the relatively high leakage current of the LICs, sufficiently high
dose rates were needed for the measurements. The irradiations were therefore
carried out for all chambers with the International Organization for
Standardization wide spectra series [5] and with additional series that represent
an extension of this series down to tube voltages of 10 kV and that are part of
the Physikalisch-Technische Bundesanstalt B series [6]. The large plane-paral-
lel chamber filled with a mixture of 40% TMS and 60% isooctane was addi-
tionally irradiated with 137Cs and 60Co gamma radiation. The Monte Carlo
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calculations to calculate the energy deposited in the ionization liquid were car-
ried out using the EGSnrc user code DOSRZnrc, Version 2.

As a first step, the response of the LICs was investigated with respect to
air kerma free in air, instead of absorbed dose to water, in a standardized water
phantom.

3. RESULTS

Figure 1 shows the measured relative response with respect to air kerma
for the various LICs and the various liquid fillings as a function of the mean
photon energy,

—
Eph, averaged over the spectral air kerma distribution. In the

energy range below about 80 keV the relative air kerma response of the large
plane-parallel chamber for the two mixtures shows differences of a factor of up
to 2, whereas in the range of higher photon energies the differences are less
than about 20%. The mixture containing 40% TMS and 60% isooctane shows
an energy dependence by a factor of about 2 in the energy range from 15 keV
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to 220 keV, while the mixture containing 60% TMS and 40% isooctane shows
a variation by a factor of about 1.5 in this energy range.

The relative air kerma response for the large and the small plane-parallel
chambers, both filled with a mixture containing 60% TMS and 40% isooctane,
was normalized with respect to the chambers’ active volumes and, as the
response strongly depends on the chamber high voltage, to the strength of the
electric field between the collecting electrodes. The two chambers show a sim-
ilar relative energy dependence of the air kerma response, but the normalized
air kerma response of the large chamber is about one third smaller than that of
the small chamber.

The relative air kerma response for the thimble chamber and the large
plane-parallel chamber, both filled with a mixture of 40% TMS and 60% iso-
octane, shows a similar energy dependence, with the air kerma response for the
thimble chamber being about 50% larger at higher photon energies than the air
kerma response for the large plane-parallel chamber.

The data show that the photon energy dependence of the LICs is mainly
governed by the composition of the liquid mixture in the chamber collecting
volume and that the geometry of the collecting volume is only of minor influence.

The energy dependence of the LICs cannot be explained only by the liq-
uid to air ratio of the mass energy absorption coefficient: for the mixture of
40% TMS and 60% isooctane the mass energy absorption coefficient deviates
from that of air by less than 10% over the photon energy range, but the mea-
sured chamber air kerma response varies by more than a factor of 3, whereas
for the mixture of 60% TMS and 40% isooctane the mass energy absorption
coefficient deviates from that of air by up to 70% over the energy range from
20 keV to 200 keV, but the measured chamber air kerma response varies only
by a factor of less than 1.3.

Figure 2 shows the relative air kerma response measured and determined
by Monte Carlo calculations for the large plane-parallel chamber filled with the
two different liquid mixtures, 40% TMS and 60% isooctane (Fig. 2(a)) and 60%
TMS and 40% isooctane (Fig. 2(b)). In both cases only poor agreement
between the measurement and calculation is achieved.

Apart from the mass energy absorption coefficient, the response of an
ionization chamber is also influenced by the amount of energy required for the
production of an electron–ion pair in the detector material. The quantity con-
sidered is the energy, Wfi, required to create an electron–ion pair that escapes
initial recombination [7]. Wfi was determined for the two liquid mixtures. The
LIC used for this purpose was the large plane-parallel chamber.

In an ionization chamber with a dielectric liquid, the ionization current
never reaches saturation with respect to initial recombination within the
experimentally accessible range of polarizing voltages [8]. The ions can escape
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initial recombination by diffusion or by a combination of diffusion and the
influence of an external electric field.

Under constant fluence irradiation conditions and with negligible volume
recombination, the ionization current increases linearly with the electric field
strength. At low electric field strengths the ionization current deviates from the
linear relationship, owing to volume recombination. The current at a chamber
voltage of zero represents that fraction of the ionization current that escapes
initial recombination by diffusion.

For both liquid mixtures the measurements for the determination of Wfi
were carried out with the large plane-parallel chamber. The energy deposited
in the liquid was calculated by DOSRZnrc.The determination of Wfi was carried
out in the following way (see Fig. 3(a)). First, the chamber current dependence
on the chamber high voltage was measured for the various photon spectra. The
region in which the chamber current and the chamber high voltage show a linear
relationship was linearly fitted and extrapolated to zero high voltage. The dose
rate during all these measurements was chosen such that the volume recom-
bination was negligible at higher chamber voltages. The energy Wfi was deter-
mined from this extrapolated chamber current at a chamber voltage of zero
and from the Monte Carlo calculated deposited energy. The results are shown
in Fig. 3(b). For both liquid mixtures and in the energy range between 10 keV
and 220 keV, Wfi decreases by a factor of about 3 towards increasing energy.

The value of Wfi determined from the extrapolated chamber current at a
chamber voltage of zero was then used to correct the relative air kerma
response values obtained with DOSRZnrc. The comparison of the measured
(under normal operating conditions with a chamber voltage of 300 V) and cal-
culated corrected relative air kerma response is shown in Fig. 4. For the large

 

2.0

1.5

1.0

0.5

0.0

2.0

1.5

1.0

0.5

0.0R
el

at
iv

e 
ai

r 
ke

rm
a 

re
sp

on
se

10 100 1000

E ph (keV)

10 100 1000

E ph (keV)

(a) (b)

40% TMS/60% isooctane
 Measured
 DOSRZnrc

60% TMS/40% isooctane
 Measured
 DOSRZnrc

FIG. 2. Measured and calculated relative air kerma response for the large plane-parallel
chamber filled with (a) 40% TMS and 60% isooctane and (b) 60% TMS and 40%
isooctane.



plane-parallel chamber, for both liquid mixtures, a good agreement was
achieved (Figs 4(a) and (b)).Applying the values of Wfi that were obtained with
the large plane-parallel chamber to the calculated air kerma response of the
thimble chamber (Fig. 4(c)) and of the small plane-parallel chamber (Fig. 4(d))
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also leads to a good agreement. This indicates that the relative energy depen-
dence of Wfi determined in the way described above is a property of the liquid
mixture in the LIC and does not depend on the specific geometry of the col-
lecting volume of the LIC.

4. CONCLUSION

The energy dependence of the air kerma response of LICs filled with two
different liquid mixtures was investigated. The energy dependence is mainly
determined by the composition of the liquid, while the influence of the geom-
etry of the collecting volume is only of minor importance. By taking into
account the energy dependence of Wfi, a good agreement between the mea-
sured and Monte Carlo calculated air kerma responses is achieved.

By varying the mixing ratio it is possible to minimize the energy depen-
dence of the air kerma response of a LIC. As the water to air ratio of the mass
energy absorption coefficient varies with photon energy by only about 10%, a
minimization of the response of a LIC with respect to absorbed dose to water
should also be possible.
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Abstract

Two different methods to determine the air kerma calibration factor for 192Ir high
dose rate sources are described. One method is used by the Nederlands Meetinstituut
(NMi), the national standards institute of the Netherlands, and is based on weighting the
response curve of an ionization chamber over the 192Ir spectrum. Another method was
developed by Goetsch et al. and is based on the determination of the absorption in the
chamber wall for 192Ir and air kerma calibration factors for a 250 kV X ray quality and
137Cs gamma rays. The difference between both methods is discussed in the paper. A
description of the NMi method is given.

1. INTRODUCTION

Iridium-192 is a radionuclide frequently used in high dose rate (HDR)
and pulsed dose rate brachytherapy sources. Before a brachytherapy source
can be used in clinical practice the source strength has to be determined, prefer-
ably in terms of a reference air kerma rate (in mGy/h) [1, 2]. The problem in
deriving the air kerma calibration factor for 192Ir is that the most important
part of the photon spectrum of an 192Ir brachytherapy source falls in an energy
gap between the standards for X rays and the standards for gamma rays estab-
lished at primary standards laboratories. It is therefore necessary to determine
the air kerma calibration factor using an indirect method. This can be achieved
by approximating the calibration factor for the spectrum of the radionuclide
192Ir using calibration factors obtained at the energies of the X ray and gamma
ray standards on both sides of the energy gap.

When applying the method developed by Goetsch et al. [3] the calibration
factor for 192Ir for an ionization chamber is approximated by interpolating
between two known calibration factors. One calibration factor is determined at
a mean photon energy below the energy gap (250 kV X rays). The other cali-
bration factor is determined at a photon energy above that gap (137Cs gamma
rays). The measured wall absorption for the 192Ir spectrum and the measured
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wall absorption for the spectra of 250 kV X rays and 137Cs gamma rays are used
for a linear interpolation procedure between the two calibration factors.

However, the Nederlands Meetinstituut (NMi), the national standards
laboratory of the Netherlands, derives the calibration factor for 192Ir by weight-
ing the individual contributions of 22 significant photon peaks, between 9 keV
and 884.5 keV, of the 192Ir spectrum [4] over the response curve of the ioniza-
tion chamber determined at the photon energies for the primary standards for
X rays and gamma rays. The response curve of the ionization chamber is a plot
of the inverse values of the calibration factors versus the corresponding mean
photon energies, determined with a set of International Organization for
Standardization (ISO) quality X rays [5] and the radionuclides 137Cs and 60Co
[4]. This method is recommended by the Nederlandse Commissie voor
Stralingsdosimetrie (NCS) [1].

For the method used by the NMi, as well as for the method proposed by
Goetsch et al., it is assumed that the response of the ionization chamber is lin-
ear in the energy gap between the standards for X rays and the standards for
gamma rays established at primary laboratories. When inferring the calibration
factor for 192Ir for the NE 2561 ionization chamber in accordance with these
two methods, a significant difference in the calibration factors is found.

2. MATERIALS AND METHODS

The ionization chamber used in the NMi set-up was an NE 2561 ioniza-
tion chamber, serial number 051. The Delrin buildup was placed on the ioniza-
tion thimble not only during the calibration measurements with 137Cs and 60Co
but also during the measurements with X rays. In order to apply the method
used at the NMi and the method developed by Goetsch et al. it is necessary to
determine the calibration factors of the ionization chamber by an extensive set
of measurements. The inverse value of the calibration factors plotted against
the corresponding mean photon energy (the response curve) and the most sig-
nificant 192Ir spectrum lines are shown in Fig. 1.

2.1. Method recommended by Goetsch et al.

In the paper by Goetsch et al. [3] it is assumed that the air kerma calibra-
tion factor, Nk, depends on the photon energy distribution due to changes in the
attenuation of the photons in the wall of the ionization chamber. This assump-
tion enables the comparison of air kerma calibration factors for different pho-
ton spectra. It also gives the possibility of calculating air kerma calibration
factors for other photon spectra if the wall attenuation for the different photon
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spectra is known. The wall attenuation, Aw, is the ratio of the ionization current
with the wall present to the ionization current with a wall thickness extrapo-
lated to 0 g/cm2. The ionization current at a thickness of 0 g/cm2 was deter-
mined by measuring the ionization current with different wall thicknesses and
using a linear extrapolation of the measured values to a wall thickness of
0 g/cm2. With the measured air kerma calibration factors, and with the wall
attenuations for a 250 kV X ray quality, for 137Cs gamma rays and for the 192Ir
spectrum obtained from the extrapolation of the wall thickness to 0 g/cm2, the
air kerma calibration factor for 192Ir can be approximated by:

(1)

Taking into account the measured values for AW and the calibration fac-
tors for 250 kV X rays and 137Cs gamma rays, Eq. (1) can be rearranged to:

(2)

where x = at, where t is the wall thickness in electrons per cm2 and a = 3.98 ×
10–26 [3].

One of the assumptions in the method developed by Goetsch et al. is that
the relation between air kerma calibrations factors NK1 and NK2, at photon
energies with wall attenuations of AW1 and AW2, respectively, can be described
as:

( )192Ir 250kV 137CsK
(1 )

2K K
x

N N N
+

= +

( )192Ir 192Ir 250kV 250kV 137Cs 137Cs

1
2W K W K W KA N A N A N= +
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FIG. 1. Response curve of the NE 2561 ionization chamber, normalized to 137Cs, in
relation to the air kerma weighted spectrum lines of an 192Ir HDR source.



(3)

2.2. Method used at the NMi

The method used at the NMi is based on a more complex relationship
between the air kerma calibration factors. Borg et al. [6] have shown that appli-
cation of Spencer–Attix cavity theory is allowed for 192Ir photon energies. The
measured ionization current can be transformed into an air kerma rate:

(4)

where

I is the ionization current;
V is the volume of the ionization chamber;
r is the mass density of dry air;
W is the mean energy to produce a pair of ions in dry air by an 

electron with a charge e;
is the fraction of energy lost by bremsstrahlung (assumed to be
negligible);

(–men/r)air
wall is the restricted stopping power ratio of the effective wall material

and air;
(–s /r)wall

air is the ratio of the mass energy absorption coefficients of the 
effective wall material and air;

katt is the AW
–1 attenuation factor of the photons by the effective wall 

material of the ionization chamber (AW is equivalent to the wall
attenuation used by Goetsch et al.).

The air kerma calibration factor of an ionization chamber, NK, is defined as:

(5)

where

is the kerma rate at a reference point in air in a photon beam when the
ionization chamber is absent;

I is the ionization current produced in the ionization chamber when placed
at the same reference point in the photon beam.
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When Eqs (4) and (5) are combined, the air kerma calibration factor can
be expressed as:

(6)

In Eq. (6) only (1/Vr)(W/e) is independent of the photon spectrum, when the
assumption is made that W/e is energy independent.

Since the energy response of an ionization chamber also depends on the
mean mass energy ratio (–men/r)air

wall and the stopping power ratio (–s /r)wall
air of the

wall material and air, it is considered that, for a given energy E:

(7)

This means that the contributions to the air kerma calibration factor for
the different photon energies of the 192Ir spectrum have to be weighted over
the energy response of the ionization chamber. The method used at the NMi is
to determine the calibration factors for the ionization chamber at ten different
photon energies: eight X ray spectra (ISO narrow spectrum series [5]) with
mean energies of 48, 65, 83, 100, 118, 160, 205 and 248 keV, and 173Cs and 60Co.
The energy response curve is the inverse value of the calibration factors plot-
ted as a function of the photon energy (see Fig. 1). Also shown in Fig. 1 is the
relative kerma in air spectrum of 192Ir [4]. This kerma in air spectrum is emit-
ted by an encapsulated HDR 192Ir source used in brachytherapy. A good
approximation of the calibration factor for each of the 192Ir energy peaks can
be made by determining the ratio of the energy dependent component in
Eq. (6) for each peak of the 192Ir photon spectrum, with respect to the deter-
mined air kerma calibration factor. The calibration procedure used at the NMi
for the 192Ir photon spectrum is to weight the calibration factors for the indi-
vidual photon energy peaks with respect to the individual peak heights, as
described in Section 3.

3. NMi CALIBRATION PROCEDURE FOR 192Ir

The calibration factor for 192Ir radiation was determined by weighting the
response R = NK

–1, in accordance with the kerma spectrum, using:

1wall air
en

air wall

constant
E EK W

E

s
N A

-È ˘mÊ ˆ Ê ˆÍ ˙ =Á ˜ Á ˜r rË ¯ Ë ¯Í ˙Î ˚
�

wall air
en

att
air wall

1
K

K W s
N k

I V e

mÊ ˆ Ê ˆ
= = Á ˜ Á ˜r r rË ¯ Ë ¯

�



(8)

where

Nk
192Ir is the air kerma calibration factor for 192Ir of the ionization chamber

under consideration;
i is the spectrum line index of the 192Ir spectrum with energy Ei;
n is the number of spectrum lines taken into account (n = 8);

is the air kerma contribution of the ith spectrum line (in arbitrary units);
Ri is the response for a mean energy of Ei of the ionization chamber under

consideration.

3.1. Determination of the air kerma rate,

The air kerma spectrum contribution of the ith spectrum line 1 m from
the 192Ir source was obtained by multiplying the relative intensity of each spec-
trum line with its photon energy, the mass energy absorption coefficient and the
correction for photon attenuation in air:

(9)

where

fi is the relative intensity of the ith spectrum line;
(m–en/r)i is the mass energy absorption coefficient for photons of energy Ei in

air;
mi is the attenuation coefficient for photons of energy Ei in air;
r is the distance between the source and the detector (1 m).

3.2. Determination of the response, Ri

The response Ri is the inverse of Nki. Nki is determined by a linear interpo-
lation between the air kerma calibration factors, measured by the NMi, for the set
of ISO quality X rays and the radionuclides 137Cs and 60Co [4], in accordance
with:

(10)
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Nk1i is the air calibration factor, determined by the calibration laboratory,
with the lower closest mean X ray energy Ek1i to Ei;

Nk2i is the air calibration factor, determined by the calibration laboratory,
with the higher closest mean X ray energy Ek2i to Ei.

4. RESULTS

When using the method of Goetsch et al. the approximated air kerma cal-
ibration factor of the NE 2561 ionization chamber for 192Ir is 0.3% higher than
the NMi air kerma calibration factor for 137Cs. There are no data available to
determine the uncertainty in the former calibration factor.

The air kerma calibration factor of the NE 2561 ionization chamber for
192Ir found with the method used at the NMI is 0.6% lower than the NMi air
kerma calibration factor for 137Cs, which gives a total difference of 0.9% in
NK

192Ir compared with Goetsch et al. The total uncertainty in the air kerma cal-
ibration factor, derived by the NMi, is 0.85% (with a coverage factor of 2). The
estimated uncertainty that should therefore be taken into account when the
calibration factor is determined using the method recommended by Goetsch et
al. should be raised by at least 1% over the combined uncertainty derived from
the 250 kV and the 137Cs calibration factors.

5. DISCUSSION AND CONCLUSIONS

The calibration factor for the NE 2561 ionization chamber found with
Goetsch et al.’s method gives a value that is about 0.9% higher than the cali-
bration factor determined by the procedure of weighting over the air kerma
spectrum of a 192Ir brachytherapy source. The NMi method described in this
paper is recommended by the NCS [2]. Further measurements at the NMi have
shown that the calibration factor determined by weighting over the 192Ir spec-
trum is almost equal to a two point calibration (i.e. the air kerma calibration
factor can be approximated as the average between the calibration factors for
a 250 kV X ray quality and 137Cs). The difference between this two point
method and the method based on weighting the response curve of an ionization
chamber over the 192Ir spectrum [4] is about 0.1% for the NE 2561 chamber.
The method of weighting over the 192Ir spectrum is time consuming, which
results in relatively high costs. The NMi therefore uses the two point method in
routine calibrations.

In conclusion, two practical methods have been compared for determin-
ing the 192Ir air kerma calibration factor. Goetsch et al.’s method relies on an
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extrapolation of chamber wall correction factors, while the NMi method is
based on Spencer–Attix theory and weighting over the air kerma spectrum, and
accounts for the energy dependence of air kerma calibration factors. The two
methods yield a significant difference.The NMi method is recommended for all
ionization chambers. If, however, it is choosen to use Goetsch et al.’s method,
then it is advised that an additional uncertainty of at least 1% be assigned to
the 192Ir air kerma calibration factor.
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Abstract

Several national and international organizations have developed various types
and levels of external audit systems for radiotherapy dosimetry, either based on on-site
review visits or using mailed dosimetry systems.Three major TLD (thermoluminescence
dosimetry) networks make available postal dose audits to a large number of
radiotherapy centres on a regular basis. These are the IAEA/WHO (World Health
Organization) TLD postal dose audit service, which operates worldwide; the European
Society for Therapeutic Radiology and Oncology (ESTRO) network, known as
EQUAL, which operates in the European Union; and the Radiological Physics Center
(RPC) network in North America. Other external audit programmes are either
associated with national and international clinical trial groups or perform national
dosimetry comparisons that check radiotherapy dosimetry at various levels. The paper
discusses the present status of the worldwide quality assurance networks in
radiotherapy dosimetry and reviews the activities of the three main TLD networks: the
IAEA/WHO, EQUAL and RPC networks.

1. INTRODUCTION

The physical and technical aspects of quality assurance (QA) pro-
grammes in radiotherapy include the regular control of equipment, the dosime-
try of radiotherapy beams, treatment planning procedures and treatment
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delivery. A fundamental step in any dosimetry QA programme is an audit
performed by an independent external body, a national or international
organization, or a peer review by qualified medical radiation physicists.

Both on-site audit systems and mailed dosimetry programmes exist in
parallel. On-site audit systems typically provide a thorough review of hospi-
tal QA programmes, and include checks of local dosimetry systems, tests of
dosimetric, electrical, mechanical and safety parameters of radiotherapy
equipment, tests of treatment planning systems (TPSs) and reviews of clinical
dosimetry records. Some on-site systems have been designed to verify specific
treatment techniques for use in national or international clinical trial groups.

The basic tool for on-site dosimetry audits is an ionization chamber. The
measurements are conducted principally in water phantoms, although some
audit systems use solid phantoms of various complexity, depending on the audit
programme. The use of a portable calorimeter for on-site audits has recently
been reported [1].

Most on-site review programmes operate at the national level for a lim-
ited number of hospitals, whereas mailed systems provide cost effective audits
on a larger scale, involving radiotherapy facilities in hundreds of hospitals.

Thermoluminescent dosimeters in the form of powder is the type of
transfer dosimeter preferred by the major postal audit systems [2–7], although
some systems are based on thermoluminescent chips [8] or rods. A few one-off
comparisons, such as the dosimetry exercise in the Nordic radiotherapy centres,
France and Italy, involved Fricke dosimeters [9–11]. Some audit systems com-
bine thermoluminescence dosimetry (TLD) and film techniques to increase the
level of information audited from single point doses to two dimensional dose
distributions [12–15]. With recent advances in technology, alanine and gel tech-
niques may become a complementary tool or an attractive alternative to the
traditional dose audit methodology.

2. TYPES AND LEVELS OF DOSE AUDIT SYSTEMS

There have been extensive debates on the range of dosimetry proce-
dures that should undergo external audits so that they serve the purpose of
enhancing confidence that the clinical dosimetry is accurate and that the hos-
pital QA procedures are adequate. For practical reasons, typical postal dose
audit systems have a limited scope and are capable of providing the verifica-
tion of a few selected dose points or beam parameters only. The complexity
of audit programmes depends on the local conditions, and it increases with
the technical level of the participating hospitals and the experience of the
auditing organization.
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A four level flexible audit system may be adapted to allow the experience
gained from preceding audit levels to be incorporated into subsequent audit
steps:

(a) Level 1. Postal dose audits for photon beams in reference conditions. It is
necessary for any postal audit system to implement this step before
launching a subsequent audit level.

(b) Level 2. Postal dose audits for photon and electron beams in reference
and non-reference conditions on the beam axis. This includes checks of
beam quality (depth dose) and dose variation with field size and shape,
and wedge transmission for photon beams, and checks of electron beam
output, as well as of dose variation with field size and treatment distance.

(c) Level 3. Audits for photon beams in reference and non-reference condi-
tions off-axis and for dose at depth on the beam axis for electron beams.
This includes checks of beam profiles, with and without wedges, for
symmetric and asymmetric fields for photon beams, and a check of the
electron beam energy in a standard field size and of the dose in a clinically
relevant small field.

(d) Level 4. Audits for photon and electron beams in anthropomorphic phan-
toms. This step is used to verify the dose distribution in more realistic
treatment situations, such as for the breast, prostate or lung [16–18], or
special treatment techniques, such as intensity modulated radiation ther-
apy of the head and neck [13].

Most auditing systems focus on megavoltage photon and electron beams,
although a few organizations extend their audit programmes to orthovoltage X
rays and brachytherapy [19–21] using various set-ups and phantoms.

3. NATIONAL AND INTERNATIONAL QA NETWORKS 
FOR RADIOTHERAPY DOSIMETRY

Many national and international organizations have developed various
types and levels of external audit (Fig. 1). There are three major TLD networks
offering postal dose audits to over 2400 hospitals: the IAEA/WHO (World
Health Organization) TLD postal dose audit programme, which operates
worldwide; the ESTRO (European Society for Therapeutic Radiology and
Oncology) system, EQUAL, set up for the European Union countries, and the
Radiological Physics Center (RPC) network in North America. The EQUAL
network has been linked to another European network (the European
Commission (EC) network), which acted as a testing system for audit method-
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ology [22]. Another QA project, for the transfer of know-how to a few coun-
tries in central and eastern Europe [23], was funded by the Flemish
Government. In these projects, in addition to the extensive check of beam out-
put in reference conditions, the feasibility of the methodology for electron
dosimetry has been tested and a multipurpose solid phantom has been designed
to check beam profiles in various geometrical conditions with mailed films [15,
24].

Other currently operating external audit programmes have been associ-
ated either with national or international clinical trial groups, similar to the
RPC, for example the EORTC (European Organisation for Research in
Treatment of Cancer) in Europe [17, 20], the RTOG (Radiotherapy Oncology
Group) in the United States of America [25], the MRC (Medical Research
Council) in the United Kingdom [16], or have been single dosimetry compari-
son exercises, carried out to test various levels of radiotherapy dosimetry, for
example in Australia, Belgium, the Netherlands, Sweden and Switzerland [9, 19,
26, 27]. Some individual countries have set up regular audits of radiotherapy
centres, including for QA programmes, equipment and dosimetry, for example
Finland and the UK [18, 28].

The IAEA is currently encouraging, supporting and assisting Member
States, and has traditionally done so, in the development of national audits, and
offers technical backup at the same time as providing a link to the international
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dosimetry chain. Several countries in various world regions have established
TLD programmes to audit radiotherapy beams in hospitals with the assistance
of the IAEA [29, 30].The IAEA supports 18 national networks that encompass
approximately 1400 hospitals with 870 60Co units and 1040 linacs. Owing to the
different stages of the implementation of the national systems in these coun-
tries, at present only about 45% of local hospitals are involved in a regular audit
programme.

4. IAEA/WHO TLD POSTAL DOSE AUDIT SERVICE

The IAEA/WHO TLD postal programme for external audits of the
calibration of high energy photon beams used in radiotherapy has been in
operation since 1967 [6, 7, 31]. The programme aims at improving the accuracy
and consistency of clinical dosimetry in radiotherapy hospitals worldwide. In its
early years TLD audits were offered to hospitals both in developing and
developed countries, but at present they are provided mainly to developing
countries. TLD audits for radiotherapy dosimetry are also offered to the secon-
dary standards dosimetry laboratories (SSDLs) [32, 33] that disseminate
dosimetry standards to end user institutes by calibrating their local reference
dosimeters for use in radiotherapy.

4.1. IAEA TLD system

The dosimeters used in the IAEA/WHO TLD programme consist of
polyethylene capsules filled with approximately 155 mg of annealed lithium flu-
oride (LiF) powder, type TLD-100 (Harshaw). A PCL3 TLD automatic reader
is used for the measurements. A calibration of the IAEA TLD system is per-
formed in a 60Co beam, and several correction factors and coefficients are
applied to account for the non-linearity in the dose response, the variation in
sensitivity due to changes in beam quality and in the TLD holder attenuation,
which is also a function of beam quality [34], and the fading of the thermolu-
minescent signal with time.

A thorough set of quality control procedures is maintained for the TLD
system. The dose response and fading of the thermoluminescent dosimeter are
verified at the commissioning of every new lot of powder, and the dosimeter
calibration is verified at every reading session. The QA of the IAEA system
includes reference irradiations provided by the Bureau international des poids
et mesures, some primary standards dosimetry laboratories, major TLD audit
networks and a few reference radiotherapy centres.



The IAEA exchanges dosimeters or carries out cross-measurements 
with EQUAL, the RPC and the EC network to ensure that there is a close
correspondence in outcome. In this way the systems are interlinked to ensure
that all international radiotherapy networks are working to the same levels and
standards.The results of the reference irradiations from 1997 to 2001 provided by
the major TLD networks and a few reference hospitals are presented in Fig. 2.

4.2. Results of the thermoluminescent dosimeter irradiations

The dosimeters are sent to hospitals along with instructions and data
sheets prepared for 60Co and high energy X ray beams. Users are requested to
irradiate them in a water phantom, in the same way that a patient would be
irradiated using a simple one beam configuration, with either the source to skin
distance (SSD) or the isocentric (source to axis distance) set-up, depending on
the normal practice of the hospital. The dose to water at the position of the
dosimeters should be calculated in the same way as for patient treatments (i.e.
using routine clinical data).
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FIG. 2. Results of the reference irradiations from 1997 to 2001 provided by reference hos-
pitals and major TLD networks. The symbols correspond to the ratios of the IAEA’s
determined dose (DTLD) relative to the dose stated by the reference centre (Dstat). Each
data point corresponds to the average of three dosimeters. A total of 180 reference irradi-
ations were provided during this period. The mean of the distribution is 1.002 and the
standard deviation is 1.1%.



The acceptance limit of 5% defines the maximum discrepancy between
the stated and measured doses, which does not require further investigation.
The 5% limit corresponds to the classical International Commission on
Radiation Units and Measurements recommendation [35]. All results outside
the acceptance limit are followed up and assistance is provided to reconcile
discrepancies.

Over a period of about 33 years the IAEA/WHO TLD programme has
verified the calibration of more than 4500 photon beams in approximately 1200
radiotherapy hospitals. From 1997 to 2001 the number of beams checked was
1520, which corresponds to approximately one third of the total. These checks
were made in 626 hospitals in 90 countries in Africa, the eastern Mediterranean,
Europe, Latin America and the Caribbean, Southeast Asia and the western
Pacific. The distribution of the number of beams checked per region is shown
in Fig. 3. Participation from the various regions corresponds to the requests
received at the different regional offices of the WHO; for example, 35% of the
beams checked were in hospitals in Latin America and the Caribbean, whereas
only 6% were in Africa. Since 1996 the IAEA/WHO TLD audits have been
initiated in some countries of eastern and southeastern Europe, raising the
percentage of beams checked in Europe to 31%. A single thermoluminescent
dosimeter batch was provided in 1998, on special request, to hospitals in
Australia [36].
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FIG. 3. Distribution of the number of beams checked in different regions from 1997 to
2001. The results pertain to 1520 photon beams in 626 hospitals in 90 countries in six
world regions: Africa (AF), Latin America (AM), the eastern Mediterranean (EM),
Europe (EU), Southeast Asia (SE) and the western Pacific (WP).
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The distribution of the results for 1997 to 2001 is shown in Fig. 4; they
include 936 60Co beams and 584 high energy X ray beams. The results corre-
spond to the ratios of the IAEA TLD measured dose to that stated by the user,
DTLD/Dstat. Each value represents the average of two dosimeters. The mean of
the distribution is 1.010, its standard deviation is 8.2% and the outliers range
between a minimum of 0.06 and a maximum of 2.12. In 82% of cases the results
were within the acceptance limit of 5%, whereas 2.6% (25 beams) had discrep-
ancies larger than 20%, pointing at major problems in the delivery of dose to the
dosimeters. All results outside the 5% acceptance limit were followed up with a
second check. The majority of participants improved their results in the second
irradiation but, unfortunately, 87 deviations outside 5% (5.7% of the beams
checked) could not be resolved in 1997 to 2001. This was due either to a persis-
tent error or to a failure in responding to the efforts by the IAEA to help resolve
the problem. On-site visits were organized to several hospitals in which dosime-
try practices were revised, and recommendations were made to the local staff.

Experience from the TLD service demonstrates the significance for a hos-
pital of participating in an external audit programme. Only 75% of those hos-
pitals that received thermoluminescent dosimeters for the first time had results
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with a deviation between the measured and stated dose within the acceptance
limit of 5%, while approximately 88% of the users that benefited from a previ-
ous TLD audit were successful in subsequent tests.

It is important to note that the distribution of the results for 50 high
energy X ray beams audited in Australia in 1998 had a mean ratio of 1.002 and
a standard deviation of 1.1%, with no results outside the acceptance limit of 5%
[36].

5. ESTRO EUROPEAN ASSURANCE PROGRAMME 
FOR RADIATION TREATMENTS (THE EQUAL NETWORK) 

The ESTRO Quality Assurance Network for radiotherapy (EQUAL) was
set up in 1998 for the countries of the European Union [3]. This TLD postal
dose service includes photon and electron beam checks in reference and non-
reference conditions. By September 2002 the service had provided audits for
more than 450 radiotherapy centres by checking about 2200 beams (see Fig. 5).
Dosimetric problems in the beam calibration, errors in beam data used as input
to the TPS and uncertainties in the algorithms used in the TPS can be detected
through the EQUAL audit.
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The participating centres are instructed to irradiate the thermolumines-
cent dosimeter (LiF) capsules to a dose of 2 Gy, based on calculations using the
TPS applied routinely for clinical use. Four dosimetric parameters were
checked for photon beams: the beam output in reference conditions; the per-
centage depth doses; the beam output variation for open and wedged fields;
and the wedge transmission factor. Measurements with electrons beams were
carried out for three different field sizes and two SSDs.

About 13% of all beams had to be rechecked (Fig. 5), owing to deviations
larger than 5%. In some of these cases the deviations could be traced to set-up
errors or other mistakes, for example the wrong SSD being used, the wedge for-
gotten or the wrong depth being used. It was proven that 6% of the deviations
were due to real dosimetry problems. Site visits were then offered, and have
been carried out in 13 centres.

Most of the large deviations in dose were for non-reference conditions.
The deviations have progressively decreased for the reference geometry. Thus
for photon beams in the checks between 1998 and 1999, 3.1% of the centres
were outside 5%, while only 1.2% were outside 5% between 1998 and 2002.
The real improvement is even larger, as the latter value also includes the early
period. The effort in Europe, including the introduction of new dosimetry
protocols, training courses by ESTRO, etc., seems to have paid off.

The EQUAL programme is extended in parallel with changes in radio-
therapy techniques. Checks were recently included for photon fields shaped by
multileaf collimators (MLCs). In the MLC dose audit, five fields were checked
with shapes and dimensions defined by the MLC. Since the launch of the
programme in early 2002, the MLC dose checks have been performed for 76
beams, showing the great interest of radiotherapy centres in this new service. A
programme for brachytherapy audits is now being prepared. Detailed results
from ESTRO are reported in a separate paper in these Proceedings [4].

6. RPC

The RPC has been funded continuously since 1968 [2, 5] to monitor radi-
ation therapy dose delivery at institutes participating in clinical trials sponsored
by the US National Cancer Institute (NCI). The RPC also serves as a national
resource in radiation dosimetry and physics for co-operative clinical trial
groups and for all radiotherapy facilities that deliver radiation treatments to
patients entered into co-operative group protocols.To accomplish this, the RPC
has implemented a QA programme that monitors the basic machine output or
brachytherapy source strength, the dosimetry data utilized by the institute, the
calculational algorithms used during treatment planning and the institute’s QA
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procedures. The methods of monitoring include: (a) on-site dosimetry reviews
by an RPC physicist; and (b) various remote audit tools. During the on-site
evaluation, the institute’s physicist and radiation oncologist are interviewed,
physical measurements are made on the radiotherapy machines, dosimetry and
QA data are reviewed, and patient dose calculations are evaluated. When defi-
ciencies are detected, the RPC issues recommendations to the institute. A list
of recently issued recommendations and their frequencies is shown in Table I.

The remote audit tools include: (a) mailed thermoluminescent dosimeters
evaluated on a periodic basis to verify output calibrations and simple ques-
tionnaires to document changes in personnel, equipment or dosimetry prac-
tices; (b) the comparison of dosimetry data with RPC ‘standard’ data to verify
the comparability of the dosimetry data; (c) the evaluation of reference and/or
actual patient calculations to verify the validity of the treatment planning algo-
rithms; (d) the review of the institute’s written QA procedures and records; and
(e) mailable anthropomorphic phantoms to verify tumour dose delivery for
special treatment techniques. Any discrepancy identified by the RPC is
followed up to help the institute find the origin of the discrepancy and to
identify and implement methods to resolve it. Thus the RPC’s QA review
programme affects not only the quality of the treatment of patients in clinical
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trials but also the quality of the treatment of all patients treated at an institute.
Figure 6 shows the agreement between the RPC’s measurement of photon
beam dose by mailed TLD and the institute’s stated dose.

The RPC routinely monitors all conventional therapies, including exter-
nal beam megavoltage photon and electron therapy as well as low and high
dose rate brachytherapy. Monitoring procedures are modified to accommodate
new techniques and special procedures used in co-operative group trials.There-
fore, asymmetric jaws, multileaf collimators, dynamic wedges and non-coplanar
beam procedures are monitored, as well as some special procedures, including
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TABLE I. RECOMMENDATIONS MADE TO INSTITUTES FOLLOWING
ON-SITE VISITS TO 56 INSTITUTES IN 2000
(The frequency with which each recommendation was made is shown in
parentheses.)

Area of recommendation
Number of institutes

receiving the recommendation

Inadequate QA programme 46 (82%)

Wedge transmission factors 28 (50%)

Electron calibration 14 (25%)

Off-axis factors 14 (25%)

Photon depth dose 12 (21%)

Electron depth dose 11 (20%)

Electron cone ratios 8 (14%)

Brachytherapy source calibration 7 (13%)

Asymmetric jaw calculations 7 (13%)

Photon calibration 6 (11%)

Using multiple sets of data 6 (11%)

Beam asymmetry 5 (9%)

Mechanical problems (lasers, optical 4 (7%)
distance indicator, collimator dial)

Photon field size dependence 3 (5%)



total body photon irradiation, intraoperative electron beam therapy, stereotactic
radiosurgery and conformal radiotherapy.

More details on the RPC’s activities are presented in a separate paper [2]
in these Proceedings.

7. SUMMARY AND CONCLUSIONS

Owing to recent developments in external audit systems at the interna-
tional and national level, better access to an audit programme is now available
for many hospitals, although the number of hospitals that have not participated
in an external audit is still significant. According to the IAEA’s database, there
are approximately 5700 radiotherapy centres in the world, of which not more
than about 60% have participated in an audit programme within the past five
years; that is, about 630 hospitals participated in the IAEA/WHO programme,
450 participated in the EQUAL network, 1300 are included in the RPC’s
checks and not more than 600 hospitals participate in regular audits at the
national level. It is estimated that other QA networks probably involve fewer
than 500 hospitals.

On-site systems provide an opportunity to review in depth the local clin-
ical dosimetry, whereas mailed systems spot check either one or a few para-
meters of a radiotherapy beam and can verify hospital dosimetry prac-
tices to a lesser extent. Mailed systems mostly help to detect and correct fun-
damental problems in basic dosimetry, which can be followed up and
corrected.

It is vital for a hospital to participate regularly in dosimetry audits. The
experience of the various networks indicates that those hospitals that receive
thermoluminescent dosimeters for the first time have a lower probability to
achieve results within the acceptance limit than hospitals that have benefited
from a previous audit. Some, or even many, facilities not involved in external
quality audits may deliver inferior radiotherapy treatments, owing to inade-
quate dosimetry practices.

The clinical relevance of deviations detected in audit programmes was
confirmed in many cases, but, fortunately, not all poor dosimetric results reflect
deficiencies in the calibration of clinical beams or machine faults. Some
dosimetry errors would have no direct impact on the actual doses delivered to
a patient, as they are caused by common mistakes in the TLD irradiation exer-
cise or are related to misunderstandings of the audit instructions.

In general, audits in developing countries, as noted by the IAEA, show a
significantly lower percentage of results within the acceptance limits than those
in developed countries, even though the hospitals participate in the audits reg-
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ularly.Technical and scientific inadequacies exist that may handicap the level of
clinical dosimetry in these countries. Some problems are caused by obsolete
dosimetry equipment or poor treatment machine conditions. Other problems
are due to the insufficient training of staff working in radiotherapy.

For all the QA networks that have carried out audits in conditions other
than reference conditions, the results and experience show that the good
performance of a radiotherapy centre delivering dose under reference condi-
tions does not imply that there are no problems under non-reference dose con-
ditions. Significant numbers of deviations under non-reference conditions, as
used clinically on patients, have been observed in all audit systems. Therefore, it
has been recognized that an external independent audit should be carried out
under non-reference conditions as well as under reference conditions.
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Abstract

The European Society for Therapeutic Radiology and Oncology (ESTRO)
Quality Assurance Network for Radiotherapy (EQUAL) was set up in 1998. The
EQUAL programme checks, using thermoluminescent dosimeters, four dosimetric
parameters for photon beams: the reference beam output, the percentage depth dose,
the beam output variation for open and wedged fields, and the wedge transmission
factor. For electron beams, outputs are checked for four different field sizes in electron
thermoluminescence dosimetry audits. The EQUAL programme has recently been
extended to include dose checks in photon fields shaped with multileaf collimators
(MLCs). In the MLC audit the EQUAL programme checks doses in five fields with
shapes and dimensions defined by the MLC. The ESTRO quality assurance programme
shows that dosimetry accuracy is fairly good in the reference condition, but that
improvements are often needed in non-reference conditions (i.e. in irradiation
geometries closely simulating those used in patient treatments).

1. INTRODUCTION

Since 1998 the European Society for Therapeutic Radiology and
Oncology (ESTRO) has run a thermoluminescence dosimetry (TLD) quality
assurance programme known as EQUAL, which uses thermoluminescent
dosimeters. The programme currently covers 23 European and two
Mediterranean Basin countries.
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Under the terms of the EQUAL programme the accuracy in dose is
checked on the beam axis in both reference and non-reference conditions. The
measuring laboratory is part of the Physics Department of the Institut Gustave-
Roussy (IGR) in Villejuif, France. The traceability of the ionization chamber
calibration to the Bureau international des poids et mesures is assured through
a periodical reference chamber calibration at the French primary laboratory
and by annual intercomparisons with the IAEA/World Health Organization
network and other TLD networks, and with one of the French secondary stan-
dards dosimetry laboratories [1–3].

The EQUAL audit can detect dosimetric problems in beam calibration,
errors in the beam data used as input to the treatment planning system (TPS)
and uncertainties in the algorithms used in the TPS.

The service provided by EQUAL is supported by the European Union’s
(EU) Europe against Cancer action plan, is free of charge and is available to all
EU countries. A memorandum of understanding has been signed with the
IAEA, and, in agreement with the IAEA, the service can be offered to the coun-
tries neighbouring the EU that have no national programme.

2. MATERIALS AND METHODS

2.1. EQUAL TLD system 

The EQUAL measuring laboratory uses for photon and electron beam
dosimetry a method developed by the Medical Physics Department of the IGR.
The dosimeters are made of lithium fluoride (LiF); LiF powder type DTL937
(Philitech) is encapsulated into IAEA black polyethylene cylindrical contain-
ers. The dosimeters are read on a PCL3 automatic reader (Fimel PTW). All
dosimeter irradiations (photon and electron checks) in the participating cen-
tres are performed in a water phantom using IAEA holders.

The absorbed doses to water in photon and electron beams, measured by
ionization chambers, are determined following the procedure described in the
IAEA code of practice in Technical Reports Series No. 398 [4].

The EQUAL reference dosimetry is linked by periodic intercomparisons
[1, 2] to the IAEA Dosimetry Laboratory and to the Radiological Physics
Center’s dosimetry laboratory in Houston, Texas.

2.2. Dosimetric parameters checked in the EQUAL programme

Four dosimetric parameters are checked for photon beams: the beam
output in reference conditions (RBO), percentage depth doses (PDDs), beam
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output variations (BOVs) for open and wedged fields, and the wedge transmis-
sion factor (WTF). For electrons, the beam outputs for three different field
sizes are checked for each energy (10 cm × 10 cm, 15 cm × 20 cm and 7 cm ×
7 cm) [1, 2].

The EQUAL programme has been recently extended to include dose
checks on the axis of photon fields shaped with multileaf collimators (MLCs).
This extension to MLC fields and the combination of offset fields with wedges
takes into account the increasing use of these tools in conformal photon beam
therapy. The purpose of the MLC TLD audits is to check dosimetric data for
fields tailored by an MLC as used for patient treatments. The dose at the refer-
ence depth is checked for six fields in this protocol: the reference field (10 cm
× 10 cm) and five other fields with shapes and dimensions defined by the MLC
(Fig. 1).

3. RESULTS

Figure 2 shows the percentage of European radiotherapy centres checked
by the EQUAL laboratory or by a national quality assurance (QA) network for
photon and electron beams in each country. All centres in four countries have
been checked through the respective national centre, but a large proportion of
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centres have nevertheless applied to join the EQUAL programme. More than
50% of centres in the EU have applied to join the EQUAL programme or a
national QA network, which shows the great interest of radiotherapy centres in
participating in external audits in order to improve the accuracy of patient
treatments.

In order to evaluate the agreement between the measured dose, Dm, and
the dose stated by the participating centre, Ds, deviations, d (ÍdÔ = Ô(Ds – Dm)Ô ×
100/Dm), are calculated for photon and electron beams. Tables I and II give the
number of beams with deviations, d, at each level considered in the EQUAL
protocol (ÍdÔ £ 3%, 3% < ÍdÔ £ 5%, 5% < ÍdÔ £ 10% and ÍdÔ > 10%) for the
parameters checked.

The results concern only the deviations confirmed in the second check,
those for which the number of monitor units was modified between the first
and second check, and those for which some parameters have been corrected
by the physicist after the first check.

Out of the 160 photon beams rechecked, 54 beams had deviations 
ÍdÔ > 5%, due to possible set-up errors or to a recalibration of the monitor, and
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106 beams presented identified proven dosimetric problems. The main dosi-
metric problems observed for the photon beams were: errors in the TPS data
(PDD,WTF and output variations with field sizes); errors in the reference dose;
errors in the dose calculations (use of the wrong PDD, wedge, etc.); errors in
electrometer readings; errors in the WTF; errors in the timer for the cobalt
machine; errors in field size; and errors in the beam calibration (i.e. the use of
a plastic phantom instead of a water phantom without correcting for the
equivalent depth).

The results (Table I) show that 91% of the beam outputs checked in ref-
erence conditions (RBO) were at the optimal level (ÍdÔ £ 3%), 8% had devia-
tions between 3% and 5%, and only 1.2% had deviations outside the tolerance
level (ÍdÔ > 5%). Regarding the PDDs, 93% of the beams were at the optimal
level, 5% had deviations between 3% and 5%, and 2% of the checked beams
had deviations outside the tolerance level.

For the BOV, 89% (open beams) and 87% (wedged beams) were at the
optimal level, and 3.1% (open beams) and 1.8% (wedged beams) had d outside
the tolerance level; 88% of the WTFs were at the optimal level, and 3.7% had
deviations outside the tolerance level. The BOV (open beams) and the WTF
presented the highest number of deviations (8% and 8.5%, respectively) out-
side the optimal level but within the tolerance level (ÍdÔ between 3% and 5%).

The results of the EQUAL programme show significant improvements in
dosimetry in European centres.Table III shows the improvements in the results
of EQUAL checks between 1999 and 2002. For the BOV, 1.2% of the checked
beams in 2002 were found with deviation ÍdÔ > 5%, compared with 3.1% in
1999. The improvement of the QA results is also remarkable for the BOV and
the WTF.

TABLE I. NUMBER OF PHOTON BEAMS AND PERCENTAGES AT
EACH DEVIATION LEVEL FOR RBO, BOV, PDD AND WTF

Parameter
Deviation levels on ÍdÔ Number

ÔdÔ £ 3% 3% < ÍdÔ £ 5% 5% < ÍdÔ £ 10% ÍdÔ > 10% of beams

RBO 1037 (91%) 94 (8%) 12 (1%) 2 (0.2%) 1145

PDD 1078 (97%) 25 (2%) 9 (1%) 2 (0.2%) 1114

BOV
Open beams 999 (89%) 93 (8%) 28 (3%) 1 (0.1%) 1121
Wedged beams 907 (87%) 99 (10%) 15 (1.5%) 3 (0.3%) 1024

WTF 922 (88%) 89 (8.5%) 27 (3%) 7 (0.7%) 1045
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TABLE II. NUMBER OF DEVIATIONS, d, FOR 769 ELECTRON BEAM OUTPUTS CHECKED BY THE EQUAL
PROGRAMME
(Deviations observed in the first check and not in the second are not included.)

Field size
Dosimeter Deviation levels on ÍdÔ Total number

used ÍdÔ £ 3% 3% < ÍdÔ £ 5% 5% < ÍdÔ £ 10% ÍdÔ > 10% of checks

10 cm × 10 cm 1 and 2 637 (83%) 95 (12%) 33 (4%) 4 (0.5%) 769

15 cm × 20 cm 3 547 (79%) 110 (16%) 30 (4%) 6 (0.9%) 693

7 cm × 7 cm 4 562 (81%) 94 (14%) 29 (4%) 8 (1.2%) 693

10 cm × 10 cm 5 281 (80%) 37 (10.5%) 29 (8%) 5 (1.4%) 352
(SSDa ≥ 105 cm)

Total All 2027 (81%) 336 (13%) 121 (5%) 23 (1%) 2507
dosimeters

a SSD: source to surface distance.



The values of the deviations, d, are shown for the electron beam checks in
Table II. For electron beams, 83% of the RBOs (10 cm × 10 cm) were at the
optimal level (i.e. deviations ÍdÔ below 3%). Compared with photon dose
checks for the RBO, there were more deviations between 3% and 5%.

Fifteen beams with deviations larger than 5% on one or more parameter
were remeasured; dosimetric problems were identified for 20 of these parame-
ters. The principal problems on the electrons beams were:

(a) Beam calibration errors due to a leakage in the plane-parallel ionization
chamber, problems with the ionization chamber correction factors used
and problems due to the calibration of a Markus chamber;

(b) Technical problems with the accelerator during the irradiation of a ther-
moluminescent dosimeter;

(c) Incorrect depth dose curve data used in the TPS.

Table IV shows the results of the MLC dose checks for 44 radiotherapy
centres, including 73 beams tailored by an MLC. Five of these centres were
rechecked, and one presented a proven dosimetric problem for an MLC field
combined with wedges, corresponding to field No. 6 in Table IV. In addition, the
MLC results show that 94% of the beam outputs checked in reference condi-
tions (RBO) were at the optimal level (ÍdÔ £ 3%), and 6% had deviations
between 3% and 5%. Similar results are found for the small square fields (5 cm
× 5 cm). However, for complex fields tailored by an MLC (the circular and
inverted Y fields), a large percentage of beams (10–14%) had deviations
between 3% and 5%. For the 73 checked MLC beams, no deviation larger than
10% was found.
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TABLE III. EVOLUTION OF THE EQUAL RESULTS
FOR CHECKED PHOTON BEAM PARAMETERS
(1998–2002)

Deviation ÍdÔ > 5% (%)
Parameter

1998–1999a 1998–2002b

RBO 3.1 1.2

BOV 4.7 1.8

WTF 10.4 3.3

a From 1998 to 1999, 387 beams were checked.
b From 1998 to 2002, 1145 beams were checked.
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TABLE IV. NUMBER OF DEVIATIONS, d, OBSERVED IN 73 MLC PHOTON BEAMS AT 44 RADIOTHERAPY
CENTRES

Field
MLC Field size

No.
MLC fields checked field (maximum length ÍdÔ £ 3% 3% < ÍdÔ £ 5% 5% < ÍdÔ £ 10%

shape and width)

1 Reference beam 10 cm × 10 cm 68 (94%) 5 (6%) —
output

2 MLC, small field 5 cm × 5 cm, 67 (93%) 5 (7%) —
with MLC

3 MLC, circular field 5.6 cm diameter, 65 (90%) 7 (10%) —
with MLC

4 MLC, inverted Y 15 cm × 12 cm, 62 (86%) 10 (14%) —
with MLC

5 MLC, irregular field 12 cm × 8 cm, 69 (96%) 3 (4%) —
with MLC

6 MLC, irregular field 12 cm × 8 cm, 57 (81%) 11 (16%) 2 (3%)
with wedge with MLC and wedge
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4. CONCLUSIONS

A real improvement in radiotherapy dosimetry has been found since the
start of the EQUAL programme in 1998 for European radiotherapy centres,
and the reduction of uncertainties in dosimetry gives the possibility of optimiz-
ing doses in radiotherapy. This would lead to an increased percentage of local
controls of tumours, with a constant or reduced number of complications.

The EQUAL project was, for a large number of European centres, the
first opportunity to take part in an external audit both for photon (both stan-
dard fields and MLC fields) and electron beams, for non-reference conditions
and, in many cases, for reference conditions.

The EQUAL network and national QA networks in Europe have
checked more than 50% of the radiotherapy centres in Europe.

The results from measurements in the reference geometry are very good
both for photon and electron beams (the mean ratio of measured and stated
doses is 0.998 and 1.003, respectively, and the standard deviation is 1.9% and
2.1%, respectively).

All beams with dosimetry problems are followed up, and in some 
cases on-site visits have been undertaken. The EQUAL dosimetry audit in
radiotherapy offers the European radiation oncologist an important tool for
improving the quality of treatments.
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RADIATION THERAPY THERMOLUMINESCENCE
DOSIMETRY SERVICE IN GERMANY:
THE EXPERIENCE OF THE FIRST YEAR

C. PYCHLAU
PTW-Freiburg,
Freiburg, Germany
E-mail: pychlau@ptw.de

Abstract

An external audit service for radiotherapy dosimeters using thermoluminescence
dosimetry has been established in Germany. Technical and administrative structures
have been put in place to comply with the strict scientific and legislative requirements.
The results of the first comparison measurements confirm the practical value of the service.

1. INTRODUCTION

The external audits of therapy dosimeters by mailed thermolumines-
cence dosimetry mandatory today in Germany are the result of a long tech-
nical, legal and administrative development process. The origins and history
of this process are presented first, followed by technical details and the results
of the first year.

2. ORIGIN AND REQUIREMENTS

Until 1 January 1999 the measuring quality of therapy dosimeters in
Germany was ensured by a legally enforced calibration. Each dosimeter (both
the electrometer and the chamber), in addition to the manufacturer’s calibra-
tion, had to be calibrated by a State agency and recalibrated at regular inter-
vals. This calibration checked the correct functioning of a dosimeter over the
energy range up to the 60Co beam quantity. The use of dosimeters at energies
higher than this range was based on the cobalt calibration value and on dosime-
try protocols, and was not subject to further control. Comparisons on a volun-
tary basis first using ferrous sulphate and later also thermoluminescence
dosimetry (TLD) gave additional safety.

As early as 1989 a committee was established to extend the scope of leg-
islative calibrations to higher energies. This was to be done using compulsory
comparison measurements with solid state dosimeters.
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During the long working period of this committee the European
Medical Device Directive was issued, and in 1993 the direction of the work
changed to implementing such comparison measurements as calibration con-
trols in accordance with the German medical device user directive. This
finally resulted in 2001 in guidelines for therapy dosimeter surveillance,
which define the current legislative requirements for the control of therapy
dosimeters in Germany [1].

The guidelines require a measuring agency capable of reproducibility bet-
ter than 0.3% in comparison with the national primary standards dosimetry
laboratory and an uncertainty of the comparison measurement procedure for
the customer of less than 1%. All uncertainties are stated as equivalent to one
standard deviation (k = 1). Comparison results are classified in three cate-
gories: for high energy photon radiation a comparison resulting in a deviation
below 3% is classified A, and means that the user’s dosimetry is fully compliant
with the guidelines. Category B encompasses deviations of 3–4% and calls for
a check of the dosimetry used. Category C is for deviations above 4% and
results in checking the dosimetry and a prohibition against the use of the
dosimeter concerned until the cause of the deviation is found and rectified.The
category B limit for electrons is set at 5%.

Doubt over the final requirements and especially the precision demanded
by these guidelines caused a delay until a measuring agency could become
operational.

3. ESTABLISHING A MEASURING AGENCY

Following the decision to establish a postal dosimetry service it soon
became obvious that this could only be done by using TLD. The use of TLD in
radiation therapy is common, especially for evaluation of the dose in body
phantoms or during whole body irradiation. Following the implementation of
increasingly precise procedures to compensate for various influence factors, the
TLD method has over the past few years been developed to a high level of pre-
cision [2]. Various measuring agencies in Europe are performing extensive
comparison measurements on the basis of this method [3–10].

The literature on TLD measurements in radiation therapy describes var-
ious systems, two of which were investigated. One of these systems is especially
suitable and is already in use at two organizations that carry out comparable
tasks (the European Society for Therapeutic Radiology and Oncology
(ESTRO) and the IAEA [4, 7]). This same system was finally chosen for the
PTW-Freiburg measuring agency and, following some not unexpected initial
difficulties, has been found to be very stable and reproducible.
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The choice of the thermoluminescent dosimeters to be used was mainly
influenced by knowledge and experience gained in earlier investigations in
Germany. After a prolonged qualification process of repeated irradiations and
annealing, several groups of TLD-100 dosimeters were characterized by repro-
ducible calibration factors.

The implementation of the measuring procedure was an intensive learn-
ing process. Without trained specialists and recent TLD experience the
demanded reproducibility and uncertainty of the procedure pushed the capa-
bilities of the laboratory to its limits. Experiments to establish parameters such
as the optimal reading temperature and the temperature distribution in the
annealing oven took several months. An important point occasionally over-
looked by TLD users is the necessary, almost clinical, cleanness required dur-
ing the processing of the thermoluminescent dosimeters. The slightest
contamination by dust or, for example, hair must be avoided.

The calibration of the TLD system was facilitated by a test irradiation of
thermoluminescent dosimeters carried out by the German national laboratory,
the Physikalisch-Technische Bundesanstalt (PTB), early in 2001. A blind com-
parison in July 2001 resulted in a comfortably small deviation (well below
0.3%) between the PTB and PTW values. Following this, the measuring agency
was officially assigned its task by the State authority.

Parallel to the absolute calibration, the energy dependence of the mea-
suring system between 6 MV and 18 MV photons and 4 MeV and 20 MeV elec-
trons was determined. This was done by comparison measurements between
TLD and ionization chamber dosimetry according to the Deutsches Institut für
Normung (DIN) standard DIN 6800-2 [11]. In contrast to the procedure used
in comparable projects in other countries [9], these values were not determined
by a national laboratory but in co-operation with hospitals. First measurements
on one type of accelerator (Philips) were validated by independent measure-
ments performed in other hospitals with Siemens and Varian accelerators. The
calibration factors now used by the measuring agency for TLD measurements
at high energies are not directly determined from the TLD comparison
measurement with the PTB, but are nevertheless traceable to the PTB through
ionization chamber dosimetry. This method has the advantage of being identi-
cal to the dosimetry used by customers following the DIN code of practice.

Before starting operations, an organizational structure for customer com-
munications and the routine execution of the comparisons had to be imple-
mented. The measuring agency, as an organizational unit of PTW-Freiburg, is
subject to the certified quality assurance system of PTW. The medical device
test guidelines in conjunction with the necessity of a complete quality assurance
system stress the importance of clear agreements between the measuring
agency and its customers. Accordingly, in addition to producing a number of
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internal quality assurance documents, PTW implemented a standard operating
procedure that listed the obligations of the measuring agency and its customers.
The procedure practised is the following:

(a) The user informs PTW of its need for a comparison measurement;
(b) The measuring agency sends a copy of the standard operating procedure,

including order forms;
(c) The user orders the comparison measurement, and the date of the mea-

surement is agreed during a telephone conversation;
(d) On the agreed date the measuring agency sends the thermoluminescent

dosimeters, phantoms and, if necessary, adapters;
(e) The user irradiates the thermoluminescent dosimeters and sends them

back, together with the irradiation protocol;
(f) The measuring agency evaluates the thermoluminescent dosimeters and

compares the results with the user’s data;
(g) The measuring agency informs the user, the PTB and, by the end of every

year, the State authority of the results (the PTB is informed of the data
only, not of the name of the user).

Usually the order procedure takes between two days and a week, and the
measurement procedure from the sending of the thermoluminescent dosime-
ters to giving the results to the customer takes between one and two weeks,
depending on the response time of the user.

4. MATERIALS AND METHODS

The measuring agency uses a Fimel PCL3 automatic reader, the original
PTW TLD oven and dosimeter probes with round TLD-100 chips.These probes
are comparable with those used by Feist in Munich [2]. Six TLD chips are
arranged in a circle within a waterproof housing of about the size and form of
a Roos chamber. These probes can essentially be mounted in any water phan-
tom. The necessary dimensions are communicated to the user, if required. So
far the probes have been used either in the recommended calibration phantom
type 4322 (a 30 cm × 30 cm × 30 cm water phantom for horizontal irradiation
with waterproof adaptors for many different chambers) or in a large beam
analyser phantom (only for waterproof chambers, since usually no waterproof
adaptors are available).

Each of the TLD-100 chips used has its own calibration factor, which is
always determined from reference irradiations before and after its use at a hos-
pital. Every mailed batch consists of 13 probes with six TLD chips each. These
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are opened only by the measuring agency for evaluation. During the evalua-
tion, in accordance with European practice [6], the smallest and largest values
are omitted, and the comparison value is determined from the mean value of
the remaining four chips. The standard deviation of these values during daily
practice is below 1%. Mean standard deviations of 0.4% for single TLD chips
and of 0.2% for complete probes were determined during experiments on
reproducibility. Eight of these probes can be used by the customer for the
actual comparison, and one additional preirradiated probe accompanies the
mailed batch as a record of unintentional irradiation, if any.The remaining four
probes are used for internal control and are irradiated at the same time as the
customer’s thermoluminescent dosimeters with a defined dose to identify fad-
ing and possible changes of the response of the entire batch.All 13 probes, with
78 TLD chips, are always evaluated together in one process, and thus have a
common irradiation and thermal history. The nominal dose for irradiation is
always 1 Gy. Deviations from this nominal dose are accounted for using a
supralinearity correction based on a second degree polynomial, which is deter-
mined individually for each TLD batch using points at 0.5, 1 and 2 Gy. Typical
deviations at the ends of this range for uncorrected values are of the order of
5%. The external control probe also enables a correction for fading following
temperature differences during transport. This must be done carefully, since it
can be disadvantageous to base a correction on one single probe. All other
corrections used are determined from the results of several probes.

In accordance with the requirements of the guidelines, the customer irra-
diates the TLDs using the lowest and the highest available photon and electron
energies. Since the legal basis and the main purpose of the audits is quality
assurance of the customer’s dosimetry equipment, during the comparison each
chamber and each electrometer has to be checked by comparing it at one
measuring point at least. The dose must be determined using DIN 6800-2 [11].

5. RESULTS

After the comparison measurements for the energy dependence determi-
nation had shown the practicability of the system when mailed, it was not sur-
prising that the first customer audit run, very much in accordance with the
experience of the ESTRO service, also mainly gave first class results.
Difficulties only developed from the planning of transporting the material back
and forth, especially in the event that the user could not irradiate on the date
planned, owing to problems with the accelerator. Some difficulties also devel-
oped in connection with the technical and administrative documentation, which
had to be amended several times during the first weeks of operation.



Although the results were generally good, three types of measuring
problem were observed:

(a) Set-up difficulties. Users having no experience with the calibration phan-
tom had some trouble with the correct set-up. Changes and amendments
to the phantom user manual solved these problems. Furthermore, some
trivial set-up and handling problems occurred (e.g. the incorrect choice of
measuring depth).

(b) Electron dosimetry. In some cases there were deviations of more than 3%
for electrons. These problems were partially caused by the behaviour of
older Markus chambers, and led in one case to an exchange of the cham-
ber. Other problems with deviations in some cases far beyond 3% arose
following the use of inconsistent dosimetry procedures. These were, for
example, the combination of elements of the Markus protocol with parts
of the DIN protocols or the use of the DIN protocol with the calibration
factors for the Markus protocol. Some of these problems could be solved
by giving advice over the telephone, by a cross-calibration of the Markus
chamber by the user with a comparison with a compact chamber at high
electron energies or by a recalculation of the results based on this cali-
bration factor.

(c) Modification of the DIN protocol following earlier comparisons. In at
least one case deviations of more than 3% were caused by a user modify-
ing calibration factors following an earlier comparison using ferrous sul-
phate. Similar effects within category A were observed for several users.
It must be stressed that comparison measurements are not calibrations,
and any change of calibration factor following a comparison measure-
ment may lead to very erroneous results.

During the first nine months of operation 33 comparison series were com-
pleted; of these, five were repeat comparisons following problems with the ini-
tial measurements. The 28 users audited produced the results given in Table I.

Repeat comparisons were necessary mainly as a result of positioning
errors in the phantom and missing air density corrections.

The initial results show that the results for photons are better than for
electrons and that low energy measurements are liable to lead to questionable
results more often than high energy measurements (see Table II).

Table II shows that more than 90% of the photon beam measurements at
energies above 12 MV were within category A; in contrast, nearly 10% of the
electron measurements below 12 MeV were in category C.

An interesting point is that, in accordance with the ESTRO results [3], a
limited selection of chambers has so far been presented.Also, the results of this
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national study, although occasionally outside category A, mainly show smaller
deviations than those reported for international audits [9].

All deviations, regardless of their size, are first discussed with the physi-
cist concerned. In contrast to ESTRO practice [5], all data are given to the user
immediately. Many deviations can be identified and corrected during the tele-
phone conversation that takes place when the results are communicated to the
user. Repeat comparison measurements have been found necessary only in the
event of actual technical problems with a chamber (e.g. a damaged chamber 
or an expired calibration factor) or irreproducible errors in the measuring
procedure (e.g. a missing air density correction).
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TABLE I. RESULTS AFTER THE FIRST NINE MONTHS

Result Number

Only category A without further discussion 12

Only category A after discussion and amendment 2

Only category A after a repeat comparison 3

Category A including ‘unimportant B or C’ 8

Category A with some B or C disqualifying single chambers 2

Category A with some category B still under discussion 1

Note: ‘Unimportant B or C’ means that the measuring agency will consider a compari-
son as successful when all chambers concerned show at least one result in category A
(meaning that the dosimetry equipment is measuring correctly) and when category A
results are shown for the lowest and highest electron and photon energies. If in such a
case additional category B results appear, for example for medium electron energies or
during the experimental use of a compact chamber for low electron energies, the user is
informed of this result, but it is not considered relevant.

TABLE II. NUMBER OF BEAMS CHECKED ACCORDING TO
ENERGY RANGE AND CATEGORY
(situation on 31 July 2002)

Category

A B C

Photons <12 MV 79 8 3

Photons ≥12 MV 51 1 2

Electrons <12 MeV 57 14 7

Electrons ≥12 MeV 60 12 4



6. CONCLUSION

The first experiences of the measuring service indicate that the high stan-
dard of radiation therapy dosimetry in Germany can be improved upon by this
additional general control system. In some cases substantial improvements
have been made possible. Medical physicists are now advised not only to com-
pare the results of their different calibrated ionization chambers but also to
check their complete dosimetry by comparing the results of two basically dif-
ferent processes: calibration at 60Co followed by the dosimetry procedure
according to the DIN protocol and a TLD comparison, both of which are trace-
able to national standards.

It has been observed that while the, rather rare, deviations of over 3%
immediately lead to corrective actions (e.g. changes in internal protocols or
recalibrations) being taken by the user, smaller deviations of between 1% and
2% will also usually trigger an internal procedure optimization process (i.e.
changes in the application of the code of practice), which can lead to additional
improvements.

It can be concluded that the installation of a measuring service for com-
parison measurements of medical devices, which was initially considered to be
problematic, has been found to be practicable. Its successful implementation
has led to an improvement for the medical physics community in Germany.
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AUDIT OF RADIOTHERAPY DOSIMETRY IN NEW
ZEALAND: PRACTICAL CONSIDERATIONS AND
RESULTS 
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Christchurch, New Zealand
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Abstract

In order to verify regulatory compliance, every two years staff of the National
Radiation Laboratory (NRL) of New Zealand visit each of the radiotherapy
departments in New Zealand to carry out an independent audit of the dosimetry of their
external radiation beams. The audit is carried out under Technical Reports Series
No. 277 reference conditions using dosimetry equipment belonging to the NRL to
maximize the independence of the measurements. Audits have been carried out
regularly since 1991 and the results show that discrepancies of up to 2% for linac beams
are within normal output variability. However, much greater discrepancies are observed
in kilovoltage X ray beams. This is due to the use of different dosimetry protocols rather
than error. Experience to date suggests that the dosimetry audit is of continuing benefit
to radiotherapy departments, but should be supplemented with dosimetry of planned
treatments in an anthropomorphic phantom.

1. INTRODUCTION

The New Zealand Radiation Protection Regulations 1982 state that the
dose delivered to a radiotherapy patient must be within ±5% of the prescribed
dose. Following the overdose of 153 patients because of an error in dosimetry
at the Royal Devon and Exeter Hospital, United Kingdom, in 1988 it was
decided to audit compliance with this dose limit routinely. Since 1991 every
high energy beam in New Zealand used for teletherapy has been independently
measured every two years by staff of the National Radiation Laboratory
(NRL) of New Zealand. Since 1997 all kilovoltage X ray beams have also been
measured. The audits cover 16 linacs and ten kilovoltage X ray machines dis-
tributed among the six radiotherapy centres in New Zealand.
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2. DOSIMETRY EQUIPMENT

The following equipment is used in the dosimetry audits:

(a) A Keithley 35617EBS dosimeter;
(b) An NE 2571 0.6 cm3 graphite chamber;
(c) A PTW Roos plane-parallel electron chamber;
(d) A PTW M23342 0.02 cm3 soft X ray chamber;
(e) A 30 cm × 30 cm × 20 cm water phantom, exposed from the top;
(f) Mercury in a glass thermometer;
(g) An aneroid barometer;
(h) Strontium-90 check sources.

Before each round of audits is completed, the ionization chambers are
calibrated against the primary standards of New Zealand for air kerma, and the
thermometer and barometer are calibrated against local reference standards.

3. MEASUREMENT METHODS

The measurements follow the IAEA dosimetry protocols of Technical
Reports Series No. 277 (TRS 277) [1] and TRS 381 [2]. A 90Sr check of the ion-
ization chambers is made at each site to verify that the dosimetry system has
reached a stable state before any measurements are taken. Agreement within
0.5% of the long term mean response is accepted. The source to surface dis-
tance on a linac is set using the optical distance indicator after verifying it
against a mechanical front pointer. Beam quality parameters are accepted as
provided by the hospital physicist. The depth of measurement of electrons is
taken to be the same as that used by the hospital. All electron beams are mea-
sured using the PTW Roos plane-parallel chamber, which is calibrated against
the NE 2571 cylindrical chamber in a high energy electron beam in accordance
with TRS 381. Recombination corrections are measured on each linac beam
and polarity corrections are also measured for the electron beam measure-
ments.

For medium energy kilovoltage X rays, in a locally agreed departure from
TRS 277, beams with a half-value layer (HVL) greater than 4 mm Al are mea-
sured at a depth of 2 cm in water.When each beam is measured the dose at 2 cm
is related to the maximum dose by taking relative dose measurements with the
Roos chamber at depths of between 2 cm and 0.1 cm. This is done to give a con-
sistent point of comparison, since not all hospitals measure such beams at a
depth of 2 cm. (Beams with an HVL of less than 4 mm Al are measured in air.)
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Once the measurements are complete the hospital is asked to supply ref-
erence data, corresponding to current clinical use, for each beam. Thus not only
dosimetry practice is tested but also verified is machine stability since the last
dose measurements were taken.

4. RESULTS

The results for high energy beams (Fig. 1) are reassuring, both to the reg-
ulators and to the physicists, who appreciate the independent check. The only
disagreements significantly greater than 2% have been caused by the use of a
cylindrical chamber on a 4 MeV electron beam by a hospital, and confusion
between the source to surface distance and isocentric set-ups. (When the mea-
surements were repeated using the same set-up as the hospital, the difference
was resolved.)

The kilovoltage results (Fig. 2) are more widely scattered. Differences
greater than 10% were observed. These were not resolved by uncovering any
errors, but rather they were due to inconsistencies in dosimetry protocols —
particularly between measurements in air and in water.

5. DISCUSSION

The exercise has raised some interesting questions and issues. Some of
these are:
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FIG. 1. High energy photons and electrons: audit results, 1991–1999.



(a) What should the NRL measurement be compared with, a measurement
carried out by the hospital physicist at the same time to look for errors in
method, or the most recent measurement to look for errors and to check
the quality control of the machine, or the dose that the treatment plan-
ning system calculates for an exposure of the water phantom under ref-
erence conditions to check the clinical dosimetry? It was chosen to take
the last option, since it checks the greatest number of links in the dosime-
try chain.

(b) What are the uncertainties and what level of agreement should be
expected? The expanded combined standard uncertainty of the NRL
measurements (with a coverage factor of 2) is estimated to be 1% for
linacs and 2–3% for kilovoltage X ray machines. This excludes the uncer-
tainty of the primary standards, since the same standards are used
throughout New Zealand. Machine stability and local policy on output
adjustment place lower limits on the expected level of agreement.

(c) How much is not tested that may be significant? The hospital values for
beam quality specification are accepted, and the geometrical set-up is
assumed to be accurate. Factors used in common by both the hospital and
the NRL, such as the primary standards and the dosimetry protocols, are
not tested. However, the NRL is confident that significant errors in refer-
ence dosimetry will be detected.
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(d) Is the right audit being done? Is there any benefit from doing this every
two years? Should the focus just be on new machines? Is there another
check that would be more effective? There are many steps in the dosime-
try process before the dose is delivered to the patient. It is also planned
to test the delivery of the planned dose to an anthropomorphic phantom
rather than just under reference conditions. This will be particularly
important with the introduction of intensity modulated radiation therapy.
However, such a dosimetry system will not have the resolution to detect
discrepancies at the level of a few per cent, so it is intended to alternate
between audits of reference dosimetry and clinical dosimetry.

(e) There was a definite problem uncovered in kilovoltage X ray dosimetry.
This has largely been resolved by getting hospitals to adopt a uniform
dosimetry protocol.The reason that this had not previously happened was
because of perceived deficiencies in the kilovoltage section of TRS 277.
However, it gained wider acceptance after a few minor local changes to
the reference conditions.

6. CONCLUSION

The NRL programme of dosimetry audits at all of the radiotherapy
departments in New Zealand has proved to be valuable both for verifying reg-
ulatory compliance and for providing assurance to the departments that gross
errors in reference dosimetry have not been made. In the time since the start of
the programme (1991) there have been no major errors detected. After the
experience gained in the first ten years it was decided to continue the pro-
gramme and to include the audit of the clinical dosimetry of planned treat-
ments, as well as that of reference dosimetry.
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Abstract

The first comprehensive national dosimetry intercomparison in the United
Kingdom involving all UK radiotherapy centres was carried out in the late 1980s. Out of
this a regular radiotherapy dosimetry audit network evolved in the early 1990s. The
network is co-ordinated by the Institute of Physics and Engineering in Medicine and
comprises eight co-operative regional groups. Audits are based on site visits using
ionization chambers and epoxy resin water substitute phantoms. The basic audit
methodology and phantom design follows that of the original national intercomparison
exercise. However, most of the groups have evolved more complex methods, to extend
the audit scope to include other parameters, other parts of the radiotherapy process and
other treatment modalities. A number of the groups have developed phantoms to
simulate various clinical treatment situations, enabling the sharing of phantoms and
expertise between groups, but retaining a common base. Besides megavoltage external
beam photon dosimetry, a number of the groups have also included the audit of
kilovoltage X ray beams, electron beams and brachytherapy dosimetry. The National
Physical Laboratory is involved in the network and carries out basic beam calibration
audits to link the groups. The network is described and the methods and results are
illustrated using the Scottish+ group as an example.

1. INTRODUCTION

Radiotherapy dosimetry intercomparisons have been carried out in lim-
ited studies in the United Kingdom since at least the 1960s. However, the first
national dosimetry intercomparison involving all centres was conducted in the
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late 1980s [1], organized under the auspices of the Institute of Physics and
Engineering in Medicine (IPEM). This was based on visits to each centre,
using Farmer ionization chamber dosimetry. The intercomparison audited
megavoltage photon beam calibrations and other single field parameters and
measured doses in a three-field treatment in a trapezoidal phantom con-
structed from epoxy resin water-equivalent material (Fig. 1), and compared
these with locally planned doses. This included off-axis points, points at
different depths and a range of field sizes, wedges, oblique incidences and
inhomogeneities.

The study found mean measured beam calibration doses close to stated
values (ratio, measured/stated, 1.003), with a standard deviation (SD) of the
distribution of 1.5%. Ninety-seven per cent of doses were observed to be
within the pre-set 3% tolerance. The study did find one very significant beam
miscalibration [2]. For the planned multifield irradiations, mean dose ratios
(measured/stated) were 1.01 (SD 3%, 90% of results within 5%). A number
of discrepancies were identified, leading to improved practice. A follow-up
study was carried out in the mid-1990s [3] to audit electron beams, but it also
repeated the megavoltage photon calibration audit. An improvement was
noted for photons in that the SD was reduced (mean ratio 1.003, SD 1.0%),
and 100% of the measurements were now observed to be within the pre-set
tolerance of 3%. The mean ratio of measured/stated dose for electron beams
was 0.994 (SD 1.8%, 94% within 3%, 99% within 5%). This intercomparison
also identified causes of discrepancies and led to improved practice. The
national exercises gave an impetus for the development of a regular audit
network.
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FIG. 1. The trapezoidal phantom. (a) All inserts are water substitute plastic; the chamber
is inserted into the top hole for the beam calibration audit. (b) Five points are measured
within a defined target volume, irradiated by a three-field technique. The large insert can
be water substitute or lung substitute plastic.



2. UK AUDIT NETWORK STRUCTURE AND ORGANIZATION

Growing out of the first of the national dosimetry intercomparison exer-
cises, and initially using a very similar approach, a national interdepartmental
audit network began to develop in 1991 and 1992 [4–8]. A network approach of
co-operative regional groups of radiotherapy and medical physics departments
evolved, which allowed different groups to be set up and develop at their own
pace and also enabled the scope of the system to be broadened quickly, when
the situation and resources allowed. The network has eight regional groups,
each with up to ten radiotherapy centres, serving average populations of 7 to 8
million. The groups organize audits of their own centres and have developed
rather differently in their approach, although with a common basic core to the
audits. Most groups began with a copy of the original IPEM trapezoidal phan-
tom and repeated the national intercomparison checks, using a very similar
methodology. However, the audits in some areas included tests of more of the
basic geometric and dosimetric performance characteristics of treatment units
and simulators [7, 8]. A number of groups have piloted methodologies and
phantoms for new audits that can then be shared, or experience transferred, to
other groups [8–10]. The network collaborates with the UK primary standards
dosimetry laboratory (the National Physical Laboratory (NPL)) to co-ordinate
first level dosimetry audits in at least one centre per group at two-yearly inter-
vals.This audits the dissemination of chamber calibration factors from the NPL
to the centres and links the network groups at the level of basic dosimetry.

The network is co-ordinated by an IPEM steering committee of one rep-
resentative from each group and one from the NPL. It reviews experience and
results once a year and oversees standards and progress. It makes recommen-
dations on minimum frequencies and the content of the audits; the current aim
is that each centre should participate in an audit at least once every two years.
It also allows developments or the sharing of different approaches to be co-
ordinated. This central review ensures uniformity for intergroup comparisons
of audit performance.

All UK radiotherapy centres (approximately 65) are included in one of
the regional groups. Participation is now a requirement of the National Cancer
Services Standards [11], which are seen as accreditation criteria. Some of the
groups operate by having one or two central auditors visiting each centre in the
group, while some operate under a peer review system, in which each centre
audits, and is audited by, one other in the group in each audit round. Such a sys-
tem is cost effective but requires a good level of mutual trust and co-operation
between departments. It also may seem that there might not be total indepen-
dence in the audits, but this again relies on trust in the professionalism of the
staff involved. The data are considered confidential between the auditor and
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the centre. The audited centre is asked to investigate any observed discrepan-
cies and to explain the causes. In the event that this is not possible, the audit
group could provide assistance, but this has never been found to be necessary.
Anonymized data are analysed at the group level (see, for example, Refs [7, 8,
12]) and at the national level for dissemination to the radiotherapy community.
The overall data over ten years are currently being analysed by the steering
committee for publication. As one example of the overall results, for megavolt-
age photon beam calibration audits the mean ratio (audit/centre) is 1.002, with
an SD of 1%. Only one result (of 300) was outside the 3% tolerance, at 3.3%.

The normal minimum recommended audit covers megavoltage photons
and includes ionization chamber and beam calibrations, the beam quality, beam
modifiers and other single field parameters, geometric parameters and simple
multifield planned irradiations, using the trapezoidal phantom. Various groups
have extended the scope of the audits to kilovoltage X rays, electrons and
brachytherapy dosimetry. A number are using more sophisticated phantoms to
audit more complex, more realistic treatment situations. Some use phantoms
developed for clinical trial audits (e.g. CHART head and neck and lung,
START breast, RTO1 prostate; see, for example, Ref. [9]). Others have
developed specific phantoms for the audit group [8, 10]. Some audits follow the
process through from a simulator or CT scanner to volume delineation to
planning and then to delivery. Some groups are currently developing audits for
conformal, stereotactic and other sophisticated treatments, including intensity
modulated radiotherapy (IMRT). In addition to practical measurement audits,
there is always a degree of procedural audit, considering dosimetry, quality
control, treatment planning, etc., in the visited centre in terms of procedures,
documentation and records.

3. AN EXAMPLE OF ONE NETWORK GROUP:
THE SCOTTISH+ GROUP

3.1. Group structure

The Scottish+ group [8, 13] includes the six centres in Scotland, the two
most northerly centres in England and the one centre in Northern Ireland. It
has also worked in co-operation with physicists in Ireland to establish an audit
system there [14] and retains links with that group. It began operation in 1992,
following on from the UK national intercomparison exercise [1], which was co-
ordinated from Edinburgh. It obtained initial money from the Scottish Health
Department to purchase an independent set of measuring equipment, to cover
the system set-up and initial travel costs and to develop phantoms. The original
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aim was to carry out annual audits. In practice the frequency has, on average,
been every two years. Most of the audit visits have been carried out by one
auditor (D. Thwaites).

The group is linked to other national audit systems via the NPL inter-
comparisons and to international systems via Edinburgh’s participation as a
reference or development centre, including for the IAEA, the EQUAL net-
work (the audit system operated by the European Society of Therapeutic
Radiology and Oncology (ESTRO), with a measuring centre in Villejuif,
France) and the EC network (a developmental audit network funded by the
European Commission (EC), with its measuring centre in Leuven, Belgium).

3.2. Basic dosimetry audits

Over the ten year period of operation the audits have included the basic
tests using the trapezoidal phantom, testing beam calibrations, a range of single
field parameters, equipment geometric performance and simple multifield
planning and delivery. The group has also audited the basic dosimetry of kilo-
voltage X rays, electrons and brachytherapy source specification, as well as
megavoltage X rays.Tolerances were set at the beginning to be compatible with
UK recommendations on radiotherapy equipment and process quality control,
with the tolerances for beam calibrations set at 3% and for multifield dose
delivery at 5%. Examples of overall results (1992–2002) for calibration and
single field parameters include:

(a) Megavoltage photon beam calibration: the mean ratio audited/locally
stated was 1.001 (SD 1.1%) for the approximately 120 beams audited.

(b) Other single field dosimetric parameters: 0.998 (SD 1.5%).
(c) A range of geometric parameters: 1.00 (SD 1 mm).
(d) Electron beam calibration: 0.997 (SD 1.8%).
(e) Kilovoltage beam calibration: 1.001 (SD 1.6%).

Since 1996 no single field dosimetric parameter or machine geometric
parameter has been observed outside the tolerances for megavoltage photon
and electron beams, and the SD for these distributions has reduced to 1% or
less. On this basis the beam calibration tolerance was reduced to 2%.

3.3. Semi-anatomic phantom for audits of treatment sites

Over the same period a semi-anatomic epoxy resin based phantom was
developed [8, 15], which to date has been used in three audit rounds covering
irradiations representative of treatments for breast, lung–thorax and three



head and neck sites, respectively.This phantom has, for normalization, two 2 cm
diameter holes to take the same Farmer chamber inserts as the geometric
(trapezoidal) phantom, but the rest of the holes are machined to take smaller
inserts and a 0.125 cm3 PTW chamber. It has a fixed ‘lung’ and some bone
equivalent areas, but also takes the same interchangeable water or lung substi-
tute 8 cm diameter cylinders as the geometric phantom (Fig. 2). Audit visits
have included an audit of the whole planning and delivery process for one of
these ‘sites’, and at the same time an audit of another aspect of radiotherapy
dosimetry, for example kilovoltage X rays and electrons. This has given an
effective use of time; the visits usually take 4–5 h, but many parameters and
modalities are tested within the cycle of a few visits.

The ‘treatment site’ audits incorporate many imaging, dosimetry, planning
and machine parameters into one audit. If a discrepancy is then observed it is
not immediately clear which parameter or part of the process may be respon-
sible. However, as this is based on the very good experience of the basic audit
performance, which was previously carried out at all the centres, and as the cen-
tres are then asked to investigate any discrepancies and report on them, this
approach is justified. In the event that a cause could not be identified, a repeat
visit would be organized, using the simpler audit phantom and protocol. This,
however, has not been found to be necessary. The overall results to date in the
‘target volumes’ are:

(a) The ‘breast’ plan: mean (audit/locally stated), 0.978 (SD 2.3%), 96% of
measurements within a tolerance of 5%.

(b) The ‘thorax’ plan: 0.991 (SD 1.1%), 100% within tolerance.
(c) The ‘head and neck’ plan (parallel opposed): 0.993 (SD 1.6%), 97%

within tolerance.
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FIG. 2. The semi-anatomic phantom: (a) with the water substitute cylinder in place; (b)
with the lung substitute cylinder in place. For a measurement, all the holes are filled with
solid inserts, except for the one containing the ionization chamber. Some are left open in
the figure simply to make them more visible.



(d) The ‘head and neck’ (90o wedge pair): 0.993 (SD 2.2%), 97% within
tolerance.

(e) The ‘head and neck’ (oblique wedge pair): 0.995 (SD 1.8%), 100% within
tolerance.

3.4. Developments

The audit group is developing audits of brachytherapy treatment plan-
ning, cross-centre in vivo dosimetry and multileaf collimator dosimetry, and is
beginning to consider requirements and methods for stereotactic, conformal
and IMRT audits.

The results of the audits in the group have improved with time. As stated
above, since 1996 all single field parameters have been observed within the pre-
set tolerances for megavoltage X rays and electrons. The simple routine audits
have therefore now been discontinued, as they are not a cost effective use of
the limited time available for auditing. Instead, more complex audits are being
pursued, which inherently incorporate the more basic levels. However, at each
audit visit beam calibrations are audited, as this is needed to normalize the
results of the more complex audits. The more basic audit visits are available on
request to departments as independent checks after the installation of a new
treatment unit or after a major change, for example of a planning system or of
software.

4. CONCLUSIONS

The network has provided a flexible and cost effective audit system for
the UK. The co-operative approach has proved effective and efficient. The
groups have developed at different speeds, but the experience of groups that
have developed more advanced approaches can be shared and utilized by oth-
ers. The parallel development of different approaches has produced a robust
audit system, which has developed rapidly to include a range of modalities and
complex radiotherapy situations. The audit results have generally been good.
However, they have identified problems and have shown improvements with
time, proving the value of audit participation.Auditing of radiotherapy dosime-
try and of the radiotherapy process should be undertaken regularly, with the
scope of the audit under continual development, to include more complex lev-
els when it is observed that the basic levels have been met.
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Abstract

The University of Texas M.D. Anderson Cancer Center has extensive experience
with thermoluminescence dosimetry (TLD) as a quality assurance tool for output and
the energy monitoring of radiation therapy beams. Over the past 25 years TLD results
of the monitored institutions, commissioning data for TLD readers, the characterization
data of lithium fluoride TLD-100 powder and the records of a quality assurance
programme for the system have accumulated. Nearly 1600 TLD sessions over the past
seven years on a cobalt unit reveal an accuracy in dose determination of 0.9% (one
standard deviation), which represents a measure of the best achievable accuracy for
TLD measured therapy doses. Based on this experience, the windows of acceptability
may be tightened from 5% in dose to 3% and from 5 mm in electron depth to 3 mm.

1. INTRODUCTION

The University of Texas M.D. Anderson Cancer Center (UTMDACC)
has two separate groups that operate mailed thermoluminescence dosimetry
(TLD) services: the Radiological Physics Center (RPC) and the Radiation
Dosimetry Services (RDS). Both groups monitor the output of the therapeutic
photon beams (60Co to 25 MV) and electron beams (6–25 MeV) used in radia-
tion therapy.

The RPC, under a grant from the United States National Cancer Institute
(NCI), monitors the quality of radiation dosimetry performed at institutions
participating in NCI funded co-operative clinical trials. This ensures that the
institutions participating in the trials have adequate quality assurance proce-
dures and that no major systematic dosimetry discrepancies exist. The method-
ology has been described in detail in Ref. [1]. This programme includes the

191

IAEA-CN-96/82



periodic monitoring of beam output for photon and electron beams, and of
electron beam energy. Agreement between the RPC TLD measurement and
the output as stated by the institution is expected to be better than 5%. If the
disagreement exceeds 5%, the discrepancy is resolved through telephone calls,
correspondence, a repeat TLD irradiation or an on-site visit, in which ioniza-
tion chamber measurements are performed.

The RDS has a similar programme that shares the same TLD and tech-
niques as the RPC. It offers its services for a fee to customers, who can request
verifications of photon or electron beams at any frequency. Discrepancies and
acceptability criteria are very similar to those of the RPC, but there is no clear
option for an on-site review to resolve intractable discrepancies.

The RPC system started photon beam verifications in 1977, and verifica-
tions for electrons in 1982. The RDS initiated its for a fee service in 1987. A 
total of about 3600 treatment units at radiation therapy facilities have been
involved in the two programmes. Approximately 6000 X ray beams and
7500 electron beams are monitored per year. In the past three years on aver-
age 3% of photons and 7% of electrons have been outside the 5% criterion
and have resulted in a repeat irradiation. Most of these cases are resolved by
communication.

2. MATERIALS AND METHODS

The methodology of the remote audit TLD programme within the UTM-
DACC has been explained in detail in Ref. [2]. A summary of the procedures is
presented below.

2.1. Thermoluminescent material

Both centres use lithium fluoride powder (Harshaw, TLD-100) provided
in disposable polyethylene capsules. Each capsule holds approximately 25 mg
of powder. A large number of the capsules are filled with the same single batch
of TLD powder, thereby ensuring uniform characteristics. Each batch is sub-
jected to a commissioning process prior to its use.

2.2. Phantom design

For photon beams, TLD capsules are placed in an acrylic miniphantom
that provides for electronic equilibrium. The miniphantom is supported in air
by a nearly massless stand during irradiation. A larger acrylic, full scatter phan-
tom is provided for electrons. Both types of phantom have three TLD capsules
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placed at the depth of maximum dose, dmax. For electrons, a second set of three
capsules is placed at a depth of 30–80% dose in order to monitor energy by
measuring the percentage depth dose.

2.3. Instrumentation

The UTMDACC uses single sample TLD readers. All thermolumines-
cent dosimeters are weighted and the thermoluminescent signal is normalized
to the weight. Each instrument is commissioned prior to regular use by opti-
mizing signal to noise ratios with respect to photomultiplier tube voltage set-
tings. This verifies its ability to reproduce the TLD signal per weight within an
acceptable standard deviation (SD) (1.2% at 1s) and confirms that the oper-
ating parameters are appropriate and produce glow curves of an acceptable
appearance. Each sample is read in a 2 min cycle that aims at a careful repli-
cation of the reading cycle. Currently, the reading cycle includes preheating for
5 s at 110ºC, after which the signal is acquired for 46 s, with a temperature
ramp of 5°C per second up to 320°C. Nitrogen gas flows throughout the entire
session, beginning 30 min before a reading session starts, to eliminate non-
radiation induced signals. Each sample is weighted while the system cools
from the previous reading and is placed on the planchet after it has cooled to
below 50°C. Thermoluminescent readings are provided with a reading preci-
sion of 0.01 mC and a weighting precision of 0.01 mg. The reading is typically
15–50 mC for an approximately 25 mg sample.

2.4. TLD characterization

Prior to the use of a new batch, a representative sample is tested in order
to establish its reproducibility, dose response, fading characteristics and energy
dependence. The last term combines corrections for two effects: the TLD pow-
der dependence on beam energy and the effects of attenuation and scatter by
the miniphantom, which also vary with energy. These tests are also performed
on the batch in current use as a redundant check.

2.5. Dose calibration of the TLD system

Standard dosimeters are irradiated in a 60Co beam to a known dose of
about 300 cGy. The 60Co unit is precalibrated with an ionization chamber dosi-
metric system traceable to the National Institute of Standards and Technology.
The current protocol used for calibration is the American Association of
Physicists in Medicine TG 51 protocol [3]. Standard samples are read in each
session, three at the start and three at the end of the session. The dose per unit
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signal per milligram corrected for linearity and fading is determined, which is
identified as the system sensitivity.

2.6. Dose determination from the customer’s dosimeters

The customer’s dosimeters are read between the two sets of standards. A
session normally involves around 12 sets of the customer’s dosimeters, one
third of them for electrons, which have six capsules. The signal per unit mass is
obtained, corrected for fading, linearity and energy dependence, and the dose
to the thermoluminescent dosimeter is calculated. The dose is then adjusted to
match the institution’s dose specification conditions by including backscatter,
inverse square effects, percentage depth dose adjustments, etc.

Interspersed throughout the session, four additional dosimeters, identi-
fied as controls, are read. These controls are preirradiated on a second cobalt
unit, the beam of which is precalibrated with an ionization chamber. Controls
provide a check of the system’s reliability to measure the dose from control
dosimeters that are irradiated under a very tightly reproducible set-up. Thus
the control dosimeters are expected to provide the best results. The controls
also serve to identify and measure drift in the reader’s response during a
session.

3. QUALITY ASSURANCE OF THE SYSTEM

The expected quality of the results is maintained through a comprehen-
sive quality assurance programme that includes the following aspects:

(a) The acceptance and commissioning of the instrumentation.
(b) The acceptance and commissioning of the thermoluminescent powder.
(c) Tests per session. During the course of each reading session the dosime-

ter reader and the TLD results are tested for the following parameters:
(i) Background and test signals.
(ii) The SD of the signal from standard dosimeters (s = 1.2%).
(iii) The SD of the signal from control dosimeters (s = 1.2%).
(iv) The agreement between the measured and predicted dose to controls

(s = 1%).
(v) The outliers in each set of three dosimeters (3% criterion).
(vi) The weighing scale’s reproducibility (±0.05 mg).
(vii) The institutional TLD results against their historical averages.

(d) Monthly checks. Several parameters that may indicate anomalous varia-
tions are reviewed every month.
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(i) The system sensitivity.
(ii) The SD of standards and controls per technician and per reading

unit.
(iii) The measured to predicted dose to the control irradiations.

(e) Intercomparison.The RPC and RDS perform a quarterly intercomparison
of 60Co beams, 6 MV and 18 MV photon beams, and 6 MeV and 12 MeV
electron beams. Yearly intercomparisons with the IAEA are performed.
Comparisons have also been performed with the quality assurance pro-
gramme (EQUAL) of the European Society for Therapeutic Radiology
and Oncology.

(f) Record keeping. Records of results of reading sessions, quality assurance,
malfunctions, maintenance and repairs are kept.

4. RESULTS

The TLD material (Harshaw,TLD-100) has not changed over the 25 years
of TLD work. Other equipment and procedures, such as readers, weighing
scales, the duration of routines and heating cycles, have changed over time.
Most of the conclusions drawn in this paper are based on the data accumulated
since 1991. There are, however, some conclusions that could very well apply to
longer periods of time.

4.1. Batch characteristics

The signal per unit mass per unit dose (sensitivity) for a particular batch
is dependent on the dosimeter reader, and it varies over time as the planchet
gets used. Two different batches of TLD powder, read simultaneously on the
same reader, generally yield different sensitivities. Batch to batch sensitivity
changes of up to 15% have been observed. However, other characteristics, such
as dose linearity, fading and energy correction, have been found to remain the
same (within the limits of the accuracy of the measurement) from batch to
batch.

4.2. Precision of dose determination

Statistics of 1646 TLD measurements over seven years on a cobalt unit
at the UTMDACC are presented in Fig. 1. The x axis represents the dose ratio
measured by TLD versus that measured by an ionization chamber. The
distribution approximates to a Gaussian shape and shows a 0.9% SD that
correlates well with the predicted precision [4] discussed in Section 4.5.



Since these data correspond to dosimeters irradiated routinely under
tightly reproducible geometry at the UTMDACC, the 0.9% precision repre-
sents the best possible result of our system.

4.3. Institutional results

Figure 2 shows the frequency distribution of TLD measurements of
approximately 27 000 photon beams and 23 500 electron beams at participating
institutions. These data are the results of measurements over a seven year
period (1993–2000). Over this period most institutions used the TG 21 protocol
[5]. SDs of the distributions are 1.9% for photons and 2.2% for electrons, which
are higher than previously shown for the case of a cobalt unit. This higher SD
is a result of the compounding of additional uncertainties, among which the cal-
ibration measurements and the use of a nominal dose rate instead of a mea-
sured value, drifts in the units between calibration, and irradiation and set-up
uncertainties are significant contributors.

Figure 3 shows how the dose agreement has improved over the past 25
years. The ordinate is the percentage of institutions that have an acceptable
agreement with the TLD measurements. From this figure can be seen an
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obvious steady improvement in the dose agreement. It is believed that this is in
part due to the RPC’s programme, which has ensured that the monitored insti-
tutions are continuously alert.

Figure 4 shows a distribution of SD for photon beams that have been ver-
ified five times or more. The location of the peak shows the most probable SD
to be 1.5%. Based on this concept, the RPC may change its current window of
acceptability from ±5% to ±3% (2s). Based on similar arguments, the RPC is
considering changing its current window of ±5 mm in electron depth dose
measurements to ±3 mm.

4.4. Uncertainty in dose determination

The detailed analysis of uncertainty in dose determined from mailable
TLD is given in Ref. [4]. Dose, D, is determined from TLD signal/mass, T, using:

D = TSkf kl kE

where kf, kl and kE are fading, linearity and energy (nominal beam energy)
correction factors, respectively. S represents system sensitivity in terms of
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dose/signal, and is determined by using the above equation applied to a cobalt
unit, for which kE = 1 by definition and dose, D, is known through an ionization
chamber measurement.

The standard error in dose is determined by compounding the standard
errors in each of the factors in the above equation. For a cobalt unit this leads
to a standard error of 0.9%, based on an average reading of six thermolumi-
nescent dosimeter samples. This matches well with the measured SD in Fig. 1.
For linac generated beams the estimated standard error is 1.5, based on an
average of three TLD samples.
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Abstract

The National Physical Laboratory, in collaboration with the Institute of Physics
and Engineering in Medicine, operates an audit programme to ensure national
consistency in radiotherapy dosimetry in the United Kingdom. The present programme
covers the dosimetry of megavoltage photons, electrons (3–19 MeV) and low and
medium energy (10–300 kV) photons. The aim of each audit is to verify the local
measurement of absorbed dose at the radiotherapy centre. The audit measurements,
principally beam quality and linac output, are made following the same UK codes of
practice (CoPs) used by the clinic, but using different equipment. The audit is not an
absolute measurement of the absorbed dose, but amounts to a check that the equipment
used by the centre is operating as expected and that the CoP is being implemented
correctly. The protocols used in the UK are the Institute of Physical Sciences in
Medicine 1990 protocol for high energy photons, the Institution of Physics and
Engineering in Medicine and Biology (IPEMB) 1996 protocol  for electrons and the
IPEMB 1996 protocol  for low energy photons. Measurements are made using NE 2561,
NE 2571, NACP-02 and PTW Roos ionization chambers.

1. INTRODUCTION

Radiotherapy centres in the United Kingdom are organized by the
Institute of Physics and Engineering in Medicine (IPEM) into eight geograph-
ical regions for the purpose of interdepartmental audits. Within each region
hospitals audit dosimetry, treatment planning, record keeping, etc. A national
audit was reported by Thwaites et al. [1], who carried out a dosimetric compar-
ison of megavoltage photon beams in all UK centres, obtaining a mean value
for the ratio audit/local dose of 1.003, with a standard deviation of 1.5%. In
three cases the results differed from unity by 3% or more. In 1997 Nisbet et al.
[2] carried out a similar exercise for photon and electron beams, finding stan-
dard deviations of 1% for photons and 1.8% for electrons. For photon beams,
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the worst case agreement was 2.6%. Since 1994 the intraregional audits 
organized by the IPEM have been supplemented by dosimetry audits carried
out by the National Physical Laboratory (NPL), whose staff visit one depart-
ment from each region in turn. The aim of these extra audits is twofold: to pick
up any interregional differences that would be missed by the IPEM and to
check the dissemination of the UK standard of absorbed dose to the end of the
calibration chain, by measuring absorbed dose under reference conditions by
following the appropriate UK code of practice (CoP).The scope of these audits
was extended in 2000 to include electron beams, and low energy kilovoltage 
X ray audits are presently being piloted.

2. MEGAVOLTAGE PHOTON AUDITS

The UK CoP [3] for megavoltage photon dosimetry is based on the NPL
absorbed dose to water calibration service [4], traceable to the primary stan-
dard graphite calorimeter. The calibrated secondary standard chamber is used
in the clinic to calibrate field instruments (most commonly a Farmer type NE
2571 chamber).The procedure for an NPL audit is as follows, using NPL owned
instruments, traceably calibrated to national standards:

(a) The host department selects the beam quality, often 6 MV or 8 MV.
(b) NPL staff make measurements in water, on the axis of a horizontal beam,

in an NPL phantom, at depths of 5 (or 7), 10 and 20 g/cm2 from the front
face. The source to chamber distance is set at 100 cm, with a field size of
10 cm × 10 cm at the chamber.

(c) The calibration of the NPL secondary standard chamber in the clinical
beam is based on the measured beam quality index, TPR20,10.

(d) The machine output is obtained, including the recombination correction.
(e) The local field instrument is calibrated by substitution against the NPL

chamber in the NPL phantom. Recombination is also measured for the
field instrument.

(f) The results are compared with local values, possibly measured on the
same day.

Over the past six years around 25 audits based on the UK CoP [3] have
been carried out; the results are summarized in Table I.

As can be seen from Table I, the ratio of the local to audit measurement
is unity within the standard uncertainty (estimated to be ±0.4%). Experimental
procedures within the centres appear to have improved in recent years, with a
marked reduction in the scatter of the results. Solid state alanine dosimeters
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have been used to investigate the effectiveness of TPR20,10 as a beam quality
parameter in the transfer of calibrations from the standards laboratory to the
clinic. The initial conclusion from the measurements, shown in Fig. 1, is that the
absolute error in the transfer of dose in photon beams is unlikely to be more
than 1% (see Fig. 1, in which the error bars indicate only the internal consis-
tency of dose measurements at a given site).The audits cover linacs from a wide
range of manufacturers, with no statistically significant variation from one
manufacturer to another.
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TABLE I. SUMMARY OF RESULTS OF MEGAVOLTAGE PHOTON
AUDITS

Quantity Mean ratio (NPL/host) Standard deviation (%)

TPR 0.998 0.6

Machine output 1.003 0.8

Field instrument calibration 1.000 0.7
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FIG. 1. Comparison of ionometric and alanine doses in megavoltage photon beams.



3. ELECTRON AUDITS 

The NPL has launched an absorbed dose calibration service based on a
calorimetric primary standard [5], for which a new CoP is in preparation by the
IPEM. However, this new CoP has not yet been adopted and, for the moment
at least, dosimetry for electron beam radiotherapy is traceable to 60Co air
kerma standards [6].Audits of electron beam dosimetry therefore follow the air
kerma based CoP [6], as follows:

(a) Prior to the audit, the host supplies depth ionization data for the electron
beams selected. These data are analysed by the NPL to obtain reference
depths, perturbation factors and stopping power ratios. (There is not time
to measure depth ionization data afresh.)

(b) NPL staff derive the ND,air factor for an NPL Farmer chamber using an
NPL NE 2611 chamber in the user’s 6 MV photon beam.

(c) NPL staff derive ND,air factors for a number of parallel-plate chambers,
using NPL equipment in a high energy electron beam (>15 MeV).

(d) NPL staff measure recombination and polarity corrections and machine
output for the chosen electron beam(s) using NPL equipment.

(e) The host measures the recombination and machine output using local
equipment.

The Institution of Physics and Engineering in Medicine and Biology
(IPEMB) 1996 CoP [7] recommends that all measurements in electron beams
be carried out in a water phantom, but allows the use of solid phantoms. For
these audits a WTe phantom was used (manufactured by St Bartholomew’s
Hospital, London). Investigation of the water equivalence of this epoxy based
material at the NPL supports the conclusions of others (e.g. Ref. [8]) that 1 cm
of WTe is equivalent to 1 cm of water, with a fluence ratio correction of unity,
within the measurement uncertainty. To date four electron audit visits have
been completed using eight electron beams in total. These have included linacs
from three manufacturers: Philips (Elekta), Varian and Siemens. Output was
measured using both NACP and PTW Roos chambers; the results are listed in
Table II.

In any air kerma based CoP an error in the determination of ND,air for the
NE 2571 chamber will affect all dose measurements in an electron beam.
Although ND,air is best measured in a 60Co beam, such facilities are no longer
widely available, and so the CoP allows the use of a low energy linac photon
beam (usually 6 MV). X ray measurements in the clinic have been compared
with measurements at the NPL using a 60Co beam, and indicate that there may
be a difference of up to 0.5% in the value of ND,air derived by these two routes.
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The IPEMB 1996 CoP gives a figure of around ±2% for the overall uncer-
tainty of a measurement of dose, but the standard uncertainty in the ratios
given in Table II was estimated to be only ±0.5%, as a result of correlations in
the uncertainties (in physical data and in the air kerma primary standard) of
the host and NPL measurements.

The mean level of agreement is around 0.6%, which indicates that there
are no significant errors in the application of the IPEMB 1996 CoP. There is, in
general, good agreement (i.e. better than 0.5%) when comparing the NACP
and Roos results in Table II, although these initial results show a greater vari-
ability in the measurements made with Roos chambers. Differences between
the results for the chamber types arise only in the chamber readings, either in
the high energy comparison with the Farmer chamber or in the output mea-
surement. This may be due to beam non-uniformity (the Roos chamber having
a larger diameter collector), differences in chamber perturbation, chamber
positioning or some other effect. Further audits should clarify whether there is
a significant difference between the Roos and NACP chambers.

It is interesting to note that, from the NACP data, the NPL measured
dose is always higher than the host value: since the NPL measurements are
made in WTe and the host measurements are made in water, it may be that the
fluence correction for the WTe material is not unity after all. Further measure-
ments have been made at the NPL using an ionization chamber to compare the 

TABLE II. COMPARISON OF OUTPUT FACTORS FOR NACP AND
ROOS CHAMBERS

Machine output
Centre Enom (MeV) (NPL/host)

NACP PTW Roos

1 9 1.010 0.992

1 12 1.004 0.996

2 6 1.004 1.003

2 10 1.001 0.995

3 6 1.003 1.002

3 9 1.006 1.005

4 6 1.012 1.018

4 12 1.010 —

Mean 1.006 1.002

Standard deviation 0.4% 0.8%



fluence in water and WTe. This work is described in detail in Ref. [9] and sum-
marized in Fig. 2. As can be seen, the measured fluence in WTe is perhaps 0.3%
higher than that in water at the same depth. This means that a correction of
–0.3% should be applied to the NPL dose values in Table II, which would result
in a mean value for the ratio NPL/host for the NACP data of 1.0032, which is
consistent with unity within the estimated uncertainty. Further work is required
to determine whether the sample to sample variation is around the 0.4% level,
or whether instead one should consider revising the fluence correction given in
the IPEMB 1996 CoP.

4. FUTURE WORK

A working party of the IPEM is currently developing a new, simpler CoP
for electron beam dosimetry, based on the NPL absorbed dose calibration ser-
vice. This will lead to a significant reduction in uncertainty. Once this CoP has
been published and implemented, further electron audits will be carried out to
evaluate its implementation and for comparison with the earlier CoP. Low and
medium energy kilovoltage photon audits will start next year. Trial audits of
kilovoltage photon dosimetry show reproducibility at the ±2% level, but have
highlighted problems at very low photon energies and the need for more accu-
rate chamber data. Discrepancies have been shown to occur at the overlap

THOMAS et al.206

1.010

1.008

1.006

1.004

1.002

1.000

0.998
0 2 4 6 8 10 12

Ez (MeV)

Fl
ue

nc
e 

ra
tio

 (W
Te

/w
at

er
)

FIG. 2. Fluence correction for the WTe phantom used for NPL audits.



between the different energy ranges of the CoP.An addendum to the 1996 pho-
ton CoP, which will address these issues, is currently in preparation by the
IPEM. It is also hoped to pilot further audit measurements of dosimetry for
brachytherapy, mammography and diagnostic X rays. A portable calorimeter
has also been developed at the NPL [10], which can be operated in clinical
beams, allowing the measurement of absolute dose and the independent inves-
tigation of beam quality issues. The standard uncertainty in measuring
absorbed dose to water using this device is ±0.9%, which is comparable with
that of the NPL primary standards.
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Abstract

Intensity modulated radiation therapy (IMRT) has gained acceptance as an
improved treatment technique for several disease sites. As the use of IMRT increases,
national cancer study groups are beginning to initiate clinical trials that involve its use.
Because IMRT offers the possibility of high dose gradients, it is possible to deliver high
doses to target volumes while maintaining low doses to nearby critical normal
structures. The use of high gradients means that the localization of the dose distribution
is critical. Consequently, it is important that the institutions participating in clinical trials
administer IMRT consistently and accurately. The Radiological Physics Center (RPC)
has been funded by the United States National Cancer Institute to assure study groups
that participants in clinical trials have adequate quality assurance procedures and that
their patient dosimetry is accurate. The RPC also reviews and accredits institutions to
participate in some high technology clinical trials. To evaluate the delivery of IMRT and
to accredit institutions for IMRT head and neck trials, the RPC has developed a
mailable anthropomorphic head and neck phantom. The phantom contains dosimeters
and structures to represent anatomy and target volumes, and has been used to evaluate
the imaging, planning and delivery of IMRT at ten institutions. An evaluation of the
results indicates significant variations and surprising trends in the delivery of IMRT.

1. INTRODUCTION

1.1. Intensity modulated radiation therapy and
quality assurance requirements

Intensity modulated radiation therapy (IMRT) has gained acceptance as
an improved treatment technique for a number of disease sites [1–4]. Several
manufacturers of radiation therapy equipment provide devices to enable the
delivery of IMRT, including multileaf collimators and inverse planning (opti-
mization) treatment planning systems. Because IMRT offers the possibility of
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larger dose gradients than conventional radiation therapy, it is possible to
deliver higher doses to target volumes while maintaining low doses to nearby
critical normal structures. At the same time, the high dose gradients achievable
with IMRT mean that the localization of the dose distribution is critical. Small
errors in the positioning of the patient can mean that a target volume is missed,
or that a sensitive normal structure is irradiated to a higher dose than intended,
and perhaps higher than can be tolerated.

Consequently, comprehensive quality assurance (QA) procedures are
necessary [5]. A QA programme for IMRT must address characteristics that
stress procedures and the abilities of the equipment. For example, the nature
and advantages of IMRT demand that patient positioning be considerably
more precise and reproducible than for conventional treatments. Devices to
facilitate reproducible positioning and patient immobilization are available for
imaging, simulation and treatment equipment, and QA procedures should be
implemented to ensure proper functioning and correct usage. Other alignment
devices, such as lasers, video systems and ultrasound imaging systems, must be
evaluated on a regular basis to ensure their correct functioning.

1.2. Radiological Physics Center

The Radiological Physics Center (RPC) is funded by the United States
National Cancer Institute to assure the co-operative study groups that conduct
multi-institutional clinical trials that institutions participating in the trials have
adequate QA procedures and that no major systematic dosimetry discrepan-
cies exist. Remote monitoring procedures include the use of mailed thermolu-
minescent dosimeters (TLDs) to verify machine output, the comparison of an
institution’s dosimetry data with RPC standard data to identify potential dis-
crepancies, the evaluation of reference or actual patient calculations to verify
the treatment planning algorithms and manual calculations, the review of the
institution’s written QA procedures and records to verify adherence to recom-
mendations published by the American Association of Physicists in Medicine
(AAPM) [6], and the use of mailed anthropomorphic phantoms to verify
tumour dose delivery for special treatment techniques.

In some cases, the RPC participates in the accreditation of institutions
wishing to participate in specific clinical trials. These institutions are required to
submit the details of their treatment planning capabilities, representative treat-
ment plans for benchmark cases or actual patient treatments, and, in some cases,
actual measured data. Recently, several study groups have begun to require, or
encourage, the use of IMRT for the treatment of patients submitted to some
clinical trials. The RPC was asked to develop a head and neck phantom to eval-
uate the quality of the IMRT treatment process from imaging, through planning,
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to treatment delivery. The results of the phantom irradiation were to be used in
accrediting institutions wishing to participate in an IMRT protocol.

2. MATERIALS AND METHODS

2.1. Phantom design

The phantom was to have an anthropomorphic outer plastic shell, be
lightweight to reduce shipping costs, use water as a substitute for tissue where
possible, and contain imageable targets that included radiation dosimeters. The
outer plastic shell of the head was purchased commercially (The Phantom
Laboratory) and modified to hold an imaging and dosimetry insert in a water-
tight environment. The remainder of the phantom was filled with water. All
modifications were performed without metal parts that would interfere with
imaging or the treatment of the phantom.The exterior plastic shell was of a suf-
ficiently realistic anthropomorphic shape that the phantom would fit in most
treatment immobilization devices used for IMRT treatments.

The target–dosimeter insert was constructed as a block of water equiva-
lent plastics. Planning target volumes (PTVs) were designed to mimic head and
neck disease involving primary and secondary targets, with an organ at risk
(OAR) adjoining the primary target. The water equivalent plastics used for the
targets and OAR were of a slightly different density than the surrounding
water and plastics, to enable imaging, but had an insignificant effect on treat-
ment delivery. The target–dosimeter insert was designed to hold TLDs in the
two PTVs and the OAR. Radiochromic films (RCFs) were placed in the axial
plane through the targets and critical structure and in the sagittal plane through
the primary PTV. Since the dosimeters would be irradiated during imaging as
well as treatment delivery, TLDs were located on the exterior of the phantom
to monitor the dose given during imaging.

2.2. Phantom dosimeters

TLD-100 powder, placed in custom made reusable capsules, was used as
an absolute dosimeter.The capsules were small cylinders with outer dimensions
of 5 mm height × 5 mm diameter, with a 1 mm wall thickness. Each capsule held
approximately 40 mg of powder, which yielded two readings.The capsules were
constructed of high impact polystyrene, contained very little air and approxi-
mated a small sphere.

Powder used in the mailout system was evaluated for dose response, energy
dependence, dose uniformity and fading.The accuracy of the themoluminescence
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dosimetry system is ±4% at the 90% confidence interval [7]. The system is
precise to within ±3% and capable of detecting dose errors of the order of ±5%.
Readout procedures described earlier were followed [8], except that a filter was
used to dampen the thermoluminescent signal, and high dose thermolumines-
cence dosimetry standards were used.

RCFs (GafChromic MD-55-2 film) were used to measure dose distribu-
tions and field localization. RCFs have a high spatial resolution, a low spectral
sensitivity, an insignificant angular dependence and are approximately tissue
equivalent [9]. RCFs are therefore well suited to measure IMRT produced high
dose gradient radiation fields. AAPM recommendations for the handling and
evaluation of RCFs for use in dosimetry were followed [9]. Films were scanned
with a 633 nm laser densitometer (Personal Densitometer), with a scanning res-
olution of 0.1 mm. RCFs were investigated for dose response, fading, energy
independence and uniformity [10, 11].

2.3. Data comparison

Each institution irradiating the IMRT head and neck phantom was
instructed to provide dose calculations and dose distribution information for
comparison with the TLD and RCF measurements. The institution was asked
to outline the TLD powder on computed tomography images and report the
minimum, mean and maximum dose to the TLD capsule. The institution was
also asked to provide dose distributions in the planes corresponding to the
location of the films. A comparison of the treatment plan and measured dose
profiles in the two planes of measurement was performed.

3. RESULTS

3.1. Phantom design

Figure 1 shows the hollow phantom head with the imaging–dosimetry
insert in place. The crown of the head is removable so that the insert can be
dropped into its watertight housing. The base is equipped with adjustable
screws for alignment prior to imaging and treatment. The head can be placed
on the type of headrest commonly used by most institutions.

Figure 2 shows the 7.5 cm × 10.5 cm × 13 cm polystyrene imaging–dosime-
try insert. The primary and secondary PTVs were made of Solid Water and
were 5 cm in length. The primary PTV was 4 cm in diameter and held two
TLDs. One TLD was superior to the axial film, and the other was inferior to it.
The secondary PTV was 2 cm in diameter and held one TLD located in its
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FIG. 1. The head and neck phantom showing the imaging–dosimetry insert in place.

FIG. 2. The imaging–dosimetry insert showing the two PTVs and the OAR.



centre directly inferior to the axial film. The centres of the two PTVs were sep-
arated by 5.2 cm. The OAR was made of acrylic, was 1 cm in diameter and
extended the length of the insert. It held one TLD located in the centre of its
cross-section directly inferior to the axial film.The edge of the OAR was 0.8 cm
away from the edge of the primary PTV in the posterior direction. The location
of the RCF can also be seen in Fig. 2. A single sheet was placed in the axial
plane. Sagittal films were placed above and below the axial film in the slits
bisecting the primary PTV.

3.2. Phantom dosimetry reproducibility 

The reproducibility of the TLD results was established by delivering a
benchmark treatment plan three times in one evening.The phantom set-up was
not disturbed between the irradiations. The TLD results are shown in Table I.
The standard deviation (SD) was less than 1.6% at each point.

The reproducibility of the film scanning system was established by scan-
ning the films from one irradiation three times. Profiles in the two planes were
determined for each scan and normalized to unity at the centre of the primary
PTV. The profiles from the three scans were compared in a high gradient 
region at a level of 75%. The maximum uncertainty in film reproducibility for
the three scans was ±0.35 mm.

3.3. Phantom irradiation

Ten institutions irradiated the phantom as part of this commissioning.The
TLD dose results from these irradiations are shown in Table II. The results are
presented as the ratio of the RPC TLD reading to the mean dose to the TLD
as predicted by the institution.
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TABLE I. REPRODUCIBILITY OF TLD RESULTS
AS DETERMINED FROM THREE IDENTICAL
EXPERIMENTS

TLD Average dose (cGy) ± SD

Primary PTV (superior) 714 ± 8.1

Primary PTV (inferior) 804 ± 10.8

Secondary PTV 663 ± 6.7

OAR 178 ± 2.3



Two TLD results are missing, because one TLD capsule from institution
3 was lost, and institution 4 was not able to give a mean dose to the OAR TLD
capsule. The agreement was good between the TLD doses and the institution
doses in both PTVs, with a maximum SD of 5.7%. The dose agreement in the
OAR was not as good, with an average TLD/institution ratio of 1.07 and an SD
of 15.6%. In all cases the RPC TLD dose fell between the minimum and maxi-
mum doses reported by the institution.

4. DISCUSSION

Institution 5 was not included in the data analysis to develop acceptance
criteria because it reported point doses, not average doses. The acceptance cri-
teria were set at ±7% for the primary and secondary PTVs. This value was 1.64
times the SD, excluding institution 5. The criterion for the OAR was set at
±18%, which is the range of TLD values, excluding institution 5. A larger error
for the OAR was deemed appropriate considering the high gradients in this
area combined with the relatively large size of the TLD.
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TABLE II. RATIO OF THE RPC TLD DOSE MEASUREMENT TO THE
DOSE STATED BY THE INSTITUTION

Institution
Primary PTV Primary PTV

Secondary PTV OAR
(superior) (inferior)

1 0.97 1.04 1.10 0.99

2 0.93 0.96 0.93 0.82

3 1.04 — 1.01 1.16

4 0.96 1.00 0.98 —

5 1.09 1.07 1.11 1.35

6 1.01 1.03 0.99 1.10

7 1.02 1.03 1.00 0.95

8 0.98 0.98 0.97 0.88

9 1.04 1.04 1.06 1.09

10 1.04 1.05 1.04 1.18

Average 1.01 1.02 1.02 1.07

SD 4.8% 3.5% 5.7% 15.6%



Film profiles from the axial film were taken through the centre of the pri-
mary PTV in the anterior–posterior and right–left directions. Profiles in the
superior–inferior direction were taken from the sagittal film. The profiles were
normalized to the TLD results from the primary PTV. A preliminary analysis
indicated that distance to agreement values of 5 mm or more were not infre-
quent. Calculated doses were generally lower than measurements in regions of
a steep gradient. Some planning systems may underestimate the contributions
of head scatter and transmission through rounded leaf ends, contributing to the
differences seen in low dose regions [12].
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Abstract

A new phantom has been developed that uses thermoluminescent dosimeters for
the quality control of high dose rate 192Ir sources used in brachytherapy. This phantom
can be used to verify the air kerma at 10 cm in air and the absorbed dose 2 cm deep in
water calculated by the treatment planning system. The formalism used for the
verification of the air kerma and the absorbed dose, as well as the methods used for the
determination of the correction factors that are needed, are described.

1. INTRODUCTION

Brachytherapy is an essential part of the treatment of several types of
cancer, especially of the cervix, lung and prostate.The use of high dose rate 192Ir
sources requires appropriate calibration in order to ensure the desired level of
accuracy of the dose delivered to the tumour.

Primary standards for high dose rate 192Ir sources have yet to be developed.
Metrological traceablity in many countries, including Brazil, is established by
indirect methods using an energy weighted average of air kerma calibration
factors for 250 kV X rays (half-value layer of 2.5 mm Cu, effective energy of 131
keV) and 60Co or 137Cs gamma ray beams, as described elsewhere [1–4].

A set of calibration procedures for low and high dose rate brachytherapy
sources has recently been published by the IAEA [5, 6]. These documents
emphasize the recommendations made previously by the IAEA and the
American Association of Physicists in Medicine [7, 8], which are that all
radiation therapy centres should have a quality assurance programme to
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guarantee the consistency of operational procedures, including for source cali-
bration and the absorbed dose calculated by the treatment planning system. As
a part of such a quality assurance programme it is highly desirable that an inde-
pendent evaluation be included, which can either be done by site visits or
through well established postal dosimetry programmes. A postal dosimetry pro-
gramme is a very useful, reliable and economical option, especially when a large
number of geographically dispersed institutions are involved. Site visits are
planned to clarify inconsistent data or unresolved discrepancies [9].

There are essentially no postal systems in operation for brachytherapy
targeted at high dose rate 192Ir sources. The main goals of this work were to
design a phantom that uses thermoluminescent dosimeters (TLDs) to verify
the air kerma and the absorbed dose calculations made with the treatment
planning system. In order to develop a reliable system, it was necessary to eval-
uate the physical parameters involved in the calculation formalism, such as the
energy dependence of the TLD, the contribution of the scattering from the
phantom to the measured air kerma and the doses involved. It was also neces-
sary to develop and evaluate irradiation protocols and to investigate the
feasibility of transporting the phantom. This phantom was devised as part of a
national quality assurance programme that involves the majority of the
radiation therapy centres in Brazil.

2. METHOD

2.1. Phantom design and construction

The phantom was designed to measure two important dosimetric para-
meters needed to ensure the desired level of accuracy in the dose delivered to
the patient: (a) the source calibration in terms of air kerma calibration 10 cm
from the source in air [10]; and (b) the absorbed dose 2 cm deep in water. The
latter point coincides with the point A used in gynaecological brachytherapy
[11–14]. The phantom was designed for TLD lithium fluoride DTL937
(Philitech) powder encapsulated in cylindrical polyethylene capsules [15, 16].

An important change was made in the shape of the dosimeter holder,
making it curved, with circumferences with radii of 10 cm and 2 cm (Fig. 1), in
order to avoid unacceptable dose gradient values across the capsule.

2.2. Evaluation of the TLDs for air kerma and absorbed dose

A new formalism for the evaluation of the TLD response was used, which
was primarily based on TLD calibration in a 60Co beam, corrected for the
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energy dependence of the TLD to the 192Ir spectra, the phantom attenuation
and scattering, and the inhomogeneous irradiation of the capsule.

The formalisms used were:

(a) Air kerma at 10 cm: K
192Ir
air = LN

60Co
K,air F

192Ir
E,air FHFP

(b) Water dose at 2 cm: D
192Ir
water = LN

60Co
K,air FMF

192Ir
E,water FHFP

where 

L is the thermoluminescence reading corrected for background,
dose linearity and fading;

N
60Co
K,air is the calibration coefficient for a 60Co beam in terms of air

kerma;
FM is the absorbed dose ratio (air to water) for the same geometry

(see Section 2.3.4);
F

192Ir
E,air, F

192Ir
E,water are the energy dependence correction factors for lithium

fluoride DTL937 powder in air and water, relative to 60Co, as
described in Section 2.3.3;

FH, FP are the dose homogeneity and phantom perturbation factors, as
described in Sections 2.3.5 and 2.3.6.

The calibration coefficient for 60Co and X rays was experimentally
obtained in reference beams of the Ionizing Radiation Metrology National
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FIG. 1. Design of the phantom composed of two parts: (a) for the in-air measurements
10 cm from the source and (b) for in-water measurements 2 cm from the source. A closer
view of the curved dosimeter holder is shown in (a).

(a) (b)



Laboratory in Rio de Janeiro. The correction factors were calculated with
Monte Carlo simulations using the PENELOPE code [17] and experimentally
validated taking into account the geometric irradiation conditions, the spectral
variations in the media and the phantom structure. The measured absorbed
dose at 2 cm in water was directly compared with the value calculated by the
treatment planning system, and the measured air kerma values at 10 cm were
compared with data in clinical use.

2.3. Correction factors evaluated by Monte Carlo simulations

The PENELOPE Monte Carlo code described elsewhere [17] was used to
simulate the 192Ir sources with capsule spectra from the bare sources emission
spectrum taken from Duchemin and Coursol [18], and to estimate the magni-
tude of the different parameters involved.

2.3.1. Source and dosimeter geometry

The sources used in the microSelectron and VariSource systems were sim-
ulated, taking into account the differences in their physical dimensions and
encapsulation materials [19].

The dosimeter (Fig. 2) was simulated as if it were a complete ring of lithium
fluoride DTL937, and was surrounded by polyethylene rings, which represented
the capsule. This approach was taken in order to reduce the uncertainties in the
Monte Carlo calculation and the excessively large calculation time; this simplifi-
cation does not influence significantly the parameters that were evaluated, since
they are relative values, the result of comparisons of two or more similar
processes.A cylindrical co-ordinate system was chosen, centring the active source
volume on the axis of symmetry (the z axis) and the dosimeter axis parallel to the
x–y plane.

2.3.2. Evaluation of the spectrum changes

The gamma ray spectrum from the 192Ir source was evaluated for three dif-
ferent geometric conditions of interest in air and water. Initially, the source
encapsulation composition was considered for the calculations in air and water
for distances varying between 1 cm and 10 cm. The TLD and capsule were then
added to the calculation carried out at a point inside the capsule, at 10 cm in air
and at 2 cm in water. Finally, the phantom structure (the acrylic source support
and the dosimeter holders) was added and the spectrum inside the TLD capsule
was evaluated.
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2.3.3. Energy dependence correction factors, F
192Ir
E,air, F

192Ir
E,water

The energy dependence of the DTL937 TLD powder was initially evalu-
ated experimentally using reference beams of X rays with effective energies
varying from 35 keV to 125 keV, and with gamma rays from 137Cs and 60Co.
Since there was no beam available in the energy interval between 125 keV and
662 keV, and considering that most of the 192Ir spectrum is in this energy
region, a Monte Carlo calculation of the TLD material response was carried
out. For the sake of simplicity, the simulation considered the dosimeter irradi-
ated by monoenergetic beams with energies varying between 11 keV and 1250
keV, with the responses normalized to the readings obtained for 60Co (which
have an average energy of 1250 keV). In these simulations the distance
between the source and the dosimeter was 10 cm in air and 2 cm in water. For
each case, the calculation was made using the spectrum previously obtained for
the sources used by the microSelectron and VariSource systems.

2.3.4. Absorbed dose ratio (air to water) correction factor, FM

The difference between the calculated absorbed dose values in air and
water, FM, was calculated by simulating the dosimeter in the phantom placed at
2 cm in air and then in water. The ratio of the absorbed dose was obtained for
both situations.

2.3.5. Dose homogeneity factor, FH

The dose homogeneity correction factor, FH, accounts for the inhomoge-
neous dosimeter irradiation and is evaluated by considering the dose gradient
across the depth of the capsules due to its attenuation. For the work described
in this paper, the dosimeter geometry was divided into layers to assess the
absorbed energy in each one.

FIG. 2. Source and dosimeter geometries used for the simulations with the PENELOPE code.

192Ir core Steel

x

y



2.3.6. Phantom perturbation factor, FP

The phantom perturbation factor, FP, is the ratio of the dose to the TLD
with the phantom in place to that without the phantom, keeping all other
parameters constant. The numerical values were calculated with Monte Carlo
simulations.

3. RESULTS

3.1. Correction factors evaluated by Monte Carlo simulations

Figure 3 presents the results of the gamma ray spectrum calculated by
Monte Carlo simulations inside the TLD powder inserted in the phantom for
the sources used by the microSelectron and VariSource systems. The results
presented are normalized to the total fluence at 10 cm in air and 2 cm in water.
The correction factors calculated by Monte Carlo methods and used for the air
kerma and absorbed dose calculations are presented in Table I. The energy
dependence correction factors were obtained by a fourth order polynomial fit
of the data adjusted to each different energy region and weighted by their
respective spectra in air and water. Since it is difficult to discriminate experi-
mentally the thermoluminescence readings coming from the different parts of
the dosimeter, the homogeneity dose correction factor was obtained from the
average dose absorbed in each simulated layer.

The total combined uncertainty of 2.8% with k = 2.03 (confidence
interval of 95.7%) was obtained following the procedure adopted by the
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sources in air (a) and in water (b) for the full geometry, which includes the phantom and
TLD capsule.



European Society for Therapeutic Radiology and Oncology (ESTRO)
EQUAL programme [20].

4. CONCLUSIONS

A new dedicated phantom was constructed for the quality control of high
dose rate 192Ir brachytherapy sources using TLD powder contained in cylindri-
cal capsules. This phantom is very simple to use, requiring only one source stop,
and it allows the simultaneous irradiation of three TLD capsules, which yield 15
readings per irradiation under the same geometry. This procedure is bound to
have a lower uncertainty than the technique of moving the source to three dif-
ferent positions and irradiating one capsule each time, as used in the ESTRO
programme, since the source positioning uncertainty and the transit dose effect
are minimized.

The lithium fluoride DTL937 powder used shows an energy dependence
with the different 192Ir sources and spectra changes with the irradiation geome-
tries, distances, depths and media. For this reason it is necessary to calculate a
correction factor for each experimental geometry used. The homogeneity, FH,
and phantom, FP, correction factors for the microSelectron source and energy
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TABLE I. CORRECTION FACTORS USED IN THE FORMALISM 
PROPOSED FOR THE AIR KERMA AND ABSORBED DOSE
CALCULATIONS

Correction factor
Numerical value

In air In water

Air kerma calibration (mGy/mC) 82.6 (N
60Co
K,air ) —

Energy dependence (microSelectron source) 1.0068 (F
192Ir
E,air ) 0.9673 (F

192Ir
E,water )

Energy dependence (VariSource) 1.0103 (F
192Ir
E,air ) 0.9725 (F

192Ir
E,water )

Dose homogeneity 1.001 (FH) 0.994 (FH)
Phantom perturbation 0.995 (FP) 1.05 (FP)
Absorbed dose ratio (water/air) — 0.9735 (FM)
Overall correction factor 1.003 0.983

1.006 0.988
Final corrected value  82.8 (Fair) 81.2 (Fwater)

(microSelectron source)
Final corrected value (VariSource) 83.1 (Fair) 81.6 (Fwater)



factors in air and water for the microSelectron and VariSource sources have
been evaluated. The small differences found between the spectra generated by
the microSelectron and VariSource sources allow the use of the same dose
homogeneity, FH, and phantom, FP, correction factors for both sources,
although the difference in the energy dependence factor, FE, is more signifi-
cant, owing to the TLD being sensitive to spectral variations.

An irradiation protocol was devised and tested and is sent by mail with
the phantom to the participating institutions of the dosimetry quality assurance
programme in Brazil (Programa de Qualidade em Dosimetria). This phantom
has been shown to be useful for verifying the source calibration in air and the
consistency of the treatment planning system for calculating the absorbed dose
to be delivered to the patient.
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Abstract

A new method for standardizing beta particle emitting radioactive sources (in the
form of wires or seeds) used in the intravascular brachytherapy of coronary disease has
been devised and investigated. The method is based on the use of a new type of
ionization chamber, called the ring ionization chamber (RIC).The RIC has a design that
encompasses both a phantom and an ionization chamber. It has a cylindrical shape, and
a catheter housing the source (a wire or seeds) passes through the chamber along its
axis. Owing to its similarity to a cylindrical ionization chamber, the dosimetric protocol
given in Technical Reports Series No. 277 can be applied for determining the absorbed
dose to air chamber (and to water) calibration factors, ND, as well as the absorbed dose
to water calibration factor, ND,w. Owing to this similarity, the overall uncertainty in the
standardization of absorbed dose for beta radioactive sources used in intravascular
brachytherapy could be substantially reduced compared with that presently achieved.
The RIC can be used in a new code of practice for dose standardization and quality
assurance in intravascular brachytherapy.

1. INTRODUCTION 

Intravascular radiotherapy (IVR) is accepted as an effective treatment
that reduces the incidence of stenosis following balloon angioplasty. As
evidenced from many randomized clinical trials, the rates of reduction of
restenosis are from 30% to 60%. It is expected that the efficacy of IVR could
be increased by improving the precision of dose delivery to the target tissues.
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The majority of IVR catheter based radioactive source systems are
equipped with beta emitters: 90Sr/90Y and 32P in the form of thin wires or seeds.
Dosimetry at short distances from these radioactive sources is a difficult task,
which needs new developments both in dose standardization and quality
assurance methods.The requirements for the dosimetric characterization of the
radioactive sources used for IVR are summarized in Ref. [1]. One of the basic
requirements is that the source strength of a catheter based system with beta
emitters should be expressed in terms of dose rate in water at a reference
distance of 2 mm. Several approaches and specially shaped detectors, such as
scintillators, thermoluminescent dosimeters and GafChromic films, have been
applied for these purposes. A new type of ionization chamber, called the ring
ionization chamber (RIC), designed especially for catheter based radioactive
sources, has been devised and is described in this paper. Based on this new
detector a new method for standardizing absorbed dose measurement from
beta particle sources used in intravascular brachytherapy is proposed. A full
description of this method as well as of its practical application to the dosimetry
and quality assurance of 32P radiotherapy sources is presented.

2. MATERIALS AND METHODS 

2.1. RIC

The RIC has a design that encompasses both a phantom and an ionization
chamber. It has a cylindrical shape, and a catheter housing the source (a wire or
seeds) passes through the chamber along its axis. The cross-section of a RIC is
shown in Fig. 1. A model of a RIC, with an air vented sensitive volume in the
form of a 10 mm long wall cylinder, with a distance of 0.4 mm between the
electrodes, has been tested. The inner diameter of sensitive volume is 3.8 mm
and the hole in the inner electrode for a catheter based radioactive source is
1 mm in diameter. The external chamber dimensions are 35 mm in length and
19 mm in diameter. The model tested was made of polymethylmethacrylate
(PMMA), with the conducting parts made by graphite coating. In the next
design a water equivalent material will be used. The inner electrode of the RIC
is adjusted in such a way as to obtain the equivalent depth in water close to
2 mm, which is the recommended reference point.

The RIC has the following characteristics:

(a) The phantom and ionization chamber is one body made of PMMA;
(b) It is designed specifically for wire and seed train sources;
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(c) The collecting electrode is in the form of a thin conducting layer 10 mm
wide;

(d) Along the axis of the RIC there is a hole for a source catheter;
(e) The distance between the electrodes is 0.4 mm;
(f) The collection volume is 0.0527 cm3;
(g) Guard rings, 5 mm wide, are placed symmetrically to the collecting elec-

trode;
(h) It has an air vented volume.

2.2. Calibration

Owing to the similarity of a RIC to a cylindrical ionization chamber, the
dosimetric protocol given in Technical Reports Series No. 277 (TRS 277) [2] has
been applied for determining the absorbed dose to air chamber calibration
factor, ND. The ND factor for the RIC model described in Section 2.1 has been
derived from calibration in a 60Co beam at a secondary standards dosimetry
laboratory (traceable to a national standard). The absorbed dose to water
calibration factor, ND,w, values for 60Co and 90Y (which are assumed also to be
valid for 32P) were derived from ND and are shown in Table I, together with the
relevant interaction coefficients. As seen in Table I, the values of ND,w for 60C
and 90Y sources differ by only 1%. This means that the absorbed dose to water
calibration factors for beta radioactive sources actually used for intravascular
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brachytherapy can be obtained with a very high accuracy, close to those for
cylindrical chambers for 60Co. An absorbed dose to PMMA calibration factor,
ND,PMMA, can also be derived with a high precision from ND.

2.3. Effective surface of measurements

The sensitive air gap of the RIC model presently being investigated is not
an infinitesimal one, therefore it perturbs the depth dose distribution.
Additionally, because of the large dose rate gradient across this gap, the effective
depth of measurements in PMMA has to be estimated. The Monte Carlo code
MCNP4C was used to investigate these effects, particularly for an air gap of
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TABLE I. VALUES OF APPLIED INTERACTION COEFFICIENTS (SYM-
BOLS AS IN TRS 277)

sPMMA,air swater,air ND,w (cGy/nC)

60Co beam 1.102 1.133 54.35
90Y (32P) source 1.098 1.129 54.16
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FIG. 2. Calculated radial dose rate distribution in PMMA. Filled triangles: 0.4 mm air gap;
dashed line: exponential fit marking radial dose rate across the air gap; full line: without
an air gap.
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0.4 mm at around 2 mm deep in PMMA. A model of a 32P source wire, as
described for the Guidant system, was applied in these calculations [3]. The
results in the forms of dose rate per unit activity as a function of depth in PMMA
are shown in Fig. 2.Two curves can be seen, namely with and without the 0.4 mm
air gap. The effective depth (cylindrical surface), ref, of dose measurements has
been derived based on this figure and is shown in Table II.The effective depth of
measurements is shifted 0.109 mm from the edge towards the cavity; the effective
depth in PMMA is therefore equal to 2.009 mm.

2.4. Depth scaling factor

The depth scaling factor (for depth dose) of PMMA to water, DSF, was
calculated [3] using the Monte Carlo code MNCP4C. The results are shown in
Fig. 3 in the form of the dependence of depth in water, rw, as a function of depth
in PMMA, rPMMA, for equal values of absorbed dose in these two media. The
calculated value of the DSF was 1.1192, valid for a depth in PMMA of up to

TABLE II. SUMMARY OF THE DOSE RATE COMPARISON AT 2 mm IN
WATER

DSF ref (mm) Experiment Certificate Experiment/
(cGy/s) (cGy/s) certificate

1.192 2.009 47.8 45.52 1.05
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FIG. 3. Depths in water and PMMA for the same values of absorbed dose for a 32P
brachytherapy source.



3.5 mm. The following relation holds as the best fit in the range of rPMMA up to
3.5 mm:

rw = 1.1192 rPMMA (1)

2.5. Absorbed dose to water at the reference point

The standardization procedure for the dosimetric characterization of a
radioactive source requires that the absorbed dose rate to water at a depth of
2 mm, dw(2 mm), has to be reported. The following chain of steps was
undertaken to determine this quantity based on measurements with the RIC.
The ionization current, I (in nA), was measured (pressure, temperature,
saturation and polarization corrected) and the following relations were used:

dPMMA(ref) = IND,PMMA (2)

dw(1.1192ref) = dPMMA(ref) (3)

dw(2 mm) = dw(1.1192ref) k (4)

where k is the dose correction factor taken from Monte Carlo calculation
((dose rate at 2 mm in water)/(dose rate at 1.1192ref in water)).

3. RESULTS AND DISCUSSION

3.1. Comparison with a certified 32P radioactive wire

The absorbed dose rate at a depth of 2 mm in water from a 32P source
(Guidant certified (Certificate for Sealed Radioactive Source, model number
GDT-P32-1, serial number 0202/5005 (2002)), traceable to the United States
National Institute of Standards and Technology standard) [3], was estimated
based on the measurements by methods presented in this paper and compared
with the certified value. The result is 5% higher than that based on the Guidant
certificate. The Guidant certificate estimates the uncertainty of the absorbed
dose rate to be ±16%. The uncertainty of measuring the absorbed dose with a
properly designed RIC (water equivalent material) could be close to that
obtained for parallel-plate chambers (i.e. ±4%). The uncertainty of dose
measurements at the reference point in water with the present model of the
RIC is 8–12%. The largest contribution to the uncertainty is due to some
remaining air space between the source and the cylindrical hole housing the
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catheter.This may partly explain the higher value of the dose obtained from the
measurements.

4. CONCLUDING REMARKS

The proposed method opens a new way for improving the existing codes
of practice for the standardization of absorbed dose and quality procedures for
radioactive sources used in intravascular brachytherapy.

One of the advantages of the new method over the current standard-
ization methods is the very good geometrical reproducibility of the source
relative to the detector, which in turn gives the excellent reproducibility of the
dose readings.

The described method is equally applicable to the standardization of
absorbed dose from 192Ir sources used for brachytherapy.
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Abstract

Iridium-192 high dose rate sources need to be calibrated to verify the value
certified by the manufacturer before their clinical use. Three calibration techniques, in
air, in a cylindrical phantom and in a well type chamber, were performed to calibrate
eight sources of 192Ir between March 1999 and January 2002. It was found that the
kerma rates obtained from all calibration systems were less than the manufacturer’s by
a maximum of 2.35%. The mean discrepancies were –1.67% ± 0.56 in the range of
–0.96% to –2.35% in air, –1.12% ± 0.53 in the range of –0.40% to –2.19% in a phantom
and –1.25% ± 0.37 in the range of –0.73% to 1.36% for a well type chamber. The results
of all calibration systems agreed to within 1.5%. It is not only more reproducible and
simpler to set up, but also less time consuming to use well type chambers for source
calibration compared with the other two techniques. For an institute in which only a
Farmer chamber is available, the measurements in a phantom are easier and quicker to
set up than using in-air measurement techniques.

1. INTRODUCTION 

High dose rate (HDR) brachytherapy using an 192Ir source with an activ-
ity of about 10 Ci (3.7 × 1011 Bq) is a common treatment modality. Independent
verification of the source strength provided by the manufacturer is needed
before starting clinical use [1–3]. The reference air kerma rate (the kerma rate,
in air, at a reference distance of 1 m, corrected for air attenuation and scatter-
ing, expressed in mGy/h at 1 m or mGy/h at 1 m) is the recommended quantity
for the specification of gamma ray brachytherapy sources [4].

The protocols for the calibration of sources with well type ionization cham-
bers, and in air and in a phantom using ionization chambers, are well established
[2, 3]. For in-air measurements with Farmer type chambers, a source to chamber
distance (SCD) of between 10 cm and 40 cm is recommended by the IAEA [3].
To minimize scatter from the holder, a calibration jig of low density plastic is used
[2, 3, 5, 6]. Source calibration in a solid phantom (cylindrical or plate) has been
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reported by many authors [5, 7, 8], and is preferred because of its improved
reproducibility.

The main purpose of the experiments reported in this paper was to com-
pare the calibration of HDR 192Ir brachytherapy sources using the three sys-
tems available at the Department of Radiology, Ramathibodi Hospital,
Bangkok, in air, in a cylindrical phantom and using a well type chamber, and to
compare the results obtained with those given on the source certificate pro-
vided by the manufacturer. A difference from the manufacturer’s certificate
value within ±5% is required by the Ramathibodi Hospital.

2. MATERIALS AND METHODS

A 0.6 cm3 PTW 30001 Farmer chamber was used for the calibration of
HDR 192Ir brachytherapy sources in air and in a cylindrical phantom. The well
type chamber used in this study was a Nucletron Source Dosimetry System
077.094. A PTW Unidos 10002 electrometer was used for all measurements.

2.1. Interpolative calibration of a cavity chamber 

The Farmer chamber system is calibrated in terms of exposure, Nx, at the
secondary standards dosimetry laboratory of Thailand for 250 kVp X rays
(half-value layer of 3.01 mm Cu, 137 keV (effective)) and 60Co energy
(1250 keV), with the buildup cap used for both energies.

The exposure calibration factor for 192Ir (average energy of 380 keV
[9, 10]) of 5.460 × 109 R/C was determined by interpolation between these two
energies. A 137Cs gamma beam, as used by other investigators [11, 12], is not
available in Thailand. The air kerma calibration factor, NK, was calculated by
[13]:

NK = Nx(W/e)(1/(1 – g)) (1)

where

W/e is the mean energy expended in air per ion pair formed and per electron
charge (= 33.97 J/C for dry air) [13].

g is the fraction of the energy of secondary charge particles that is lost to
bremsstrahlung. The value of 0.001 was used in this study [14].

The NK value of 4.790 × 107 Gy/C for 192Ir, calculated from Eq. (1), was
used for source measurements in air and in the phantom.
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2.2. Calibration of 192Ir sources 

Between March 1999 and January 2002 eight sources of 192Ir for the micro-
Selectron HDR unit were calibrated using the three systems as described above.
The outer source dimensions are 0.9 mm in diameter and 4.5 mm in length, and
the active source dimensions are 0.6 mm in diameter and 3.5 mm in length.

Each measurement was made with the source position at the maximum
sensitivity for each technique. To investigate the influence of wall scattering on
calibration for each technique, the measurements were made at various distances
of the chamber centre to the wall, with the distance above the floor fixed at
1000 mm.

An externally triggered electrometer was used for all systems, and the
charge was collected during an interval after the source had stopped moving
[13], to exclude transit effects. The interval time of 600 s with +400 V was used
for the in-air and in-phantom measurements, and 180 s with +300 V for the well
type chamber. Owing to the long measurement time, the leakage current for
each calibration was also checked, and it was found to be very much less than
0.1% of the ionization reading. At least five readings in nC and nA were
performed in each calibration for the Farmer type and well type chambers,
respectively. The average value was then corrected for recombination losses
[15] and for the ambient temperature and pressure [13].

2.2.1. Calibration in air

The Nucletron source calibration jig was used to hold the ionization
chamber and source during the calibration in air. It has two metal tubes
(430 mm long) with thin polymethylmethacrylate (PMMA) rods 50 mm long in
the middle for holding the source at a distance of 100 mm from the centre of
the chamber. The measurements were made using the Farmer chamber with a
buildup cap.

The reference air kerma rate, KR, at 1 m was determined by using [3]:

KR = NK(Mu/t)kairkscattkn(d/dref)
2 (2)

where

Mu is the measured charge collected during time t and corrected for ambient
temperature and pressure, and recombination.

kair is the correction for attenuation in air of the primary photons (the value
of 1.001 for the 100 mm source to chamber distance from table XI of Ref.
[3] was used in this study).
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kscatt is the correction for scattered radiation from the wall, floor, measurement
set-up, air, etc. (since other authors [6, 11] report the values of 0.9987 and
0.997, which are very close to 1.0, and the investigational method is very
complex, the value of 1.0 was used in this study).

kn is the non-uniformity correction (the value of 1.0111 was calculated using
eq. (14) in Ref. [3]).

d is the measurement distance (the value of 100 mm was used in this study).
dref is the reference distance of 1 m.

2.2.2. Calibration in a phantom

A PTW 9193 PMMA cylindrical phantom with a diameter of 200 mm and
a height of 120 mm was used. The phantom was placed on a Cullmann tripod at
a distance of about 1100 mm above the floor. The distance between the source
and the reference point of the detector was 8 cm. The reference air kerma rate,
KR, at a distance of 1 m was determined using [16]:

KR = NK(Mu/t)kaÆpkzp(d/dref)
2 (3)

where (Mu/t) and (d/dref)
2 are the same as in Eq. (2) and

kaÆp is the perturbation factor for the transition from air to acrylic glass for a
cylindrical compact chamber with PMMA walls and inner graphite, for
which the approximation value of 1.0 was used in this study [16].

kzp is the geometry factor accounting for the presence of the absorbing and
scattering cylindrical phantom instead of air; the value of 1.187 reported
by Krieger [14] was used in this study.

2.2.3. Calibration by a well type chamber

The reference air kerma rate, KR, for the well type chamber was
determined by [3]:

KR = NK(Mu/t) (4)

where

NK is the reference air kerma rate calibration factor for the well type chamber;
the value of 9.251 × 107 cGy·m2·h–1·A–1, from the manufacturer’s calibration
certificate, was used. (At the time of the study, a well type chamber for a
comparison measurement of the 192Ir source was not available in Thailand.)

(Mu/t) is the same as in Eqs (2) and (3).
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3. RESULTS

The influence of the lateral wall scattering on the measurements for each
calibration system is shown in Fig. 1. A minimum distance of the chamber
centre to the lateral wall of 500 mm for in-air calibrations, 700 mm for the
cylindrical phantom and 300 mm for the well type chamber measurements, was
needed to keep the scattering contribution below 0.1% of the reading for the
1000 mm distance.

Table I shows the comparison of the air kerma rate for all calibration
systems with the manufacture’s values for eight 192Ir sources. The value of each
calibration technique was less, with the maximum difference of 2.35% for an in-
air calibration. (The 192Ir half-life of 74.02 days, as specified by the planning
system, was used for decay calculations.) The mean discrepancies were –1.67%
± 0.56 in the range of –0.96% to –2.35% in air, –1.12% ± 0.53 in the range of
–0.40% to –2.19% in the phantom and –1.25% ± 0.37 in the range of –0.73% to
–1.36% for the well type chamber. The results of all calibration systems were in
agreement to within 1.5%.

4. DISCUSSION AND CONCLUSIONS

All the calibration techniques used in the study show very comparable
results, with a maximum discrepancy of 1.5%, and are in agreement with the
values reported by the manufacturer, with a maximum difference of –2.35%.
For the measurements in the phantom, the reading was not corrected for the
attenuation of the stainless steel applicator used in the calibration. Baltas et al.
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FIG. 1. Influence of wall scattering on the measurements for the three systems used in the
study.



[8] report a 1.7% correction for the wall thickness of 0.56 mm for the stainless
steel applicator. If the correction for the attenuation of the calibration
applicator is used for the measurements made in this study, the results should
be closer to the manufacturer’s values. Venselaar et al. [6] reported the higher
maximum difference of –6.8% from the certificate for in-air measurements,
which may be due to the no correction for non-uniformity (non-collimated
geometry) recommended by the IAEA [3].

From the study of the influence of wall scattering on the measurements
(Fig. 1), the well type chamber is less affected by scattering from the wall than
the other two systems.

The data from this work illustrate that all the systems are appropriate for
the routine calibration of HDR brachytherapy sources, but the authors prefer
to use the well type chamber because of its higher reproducibility, simpler set-
up and reduced measurement times. For institutes in which only a Farmer
chamber is available, measurement in a phantom is easier and quicker to set up
and also more reproducible than in the in-air geometry.
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Abstract

The IAEA has supported its Member States over many years by providing
thermoluminescence dosimetry (TLD) based quality assurance audits for radiotherapy
dosimetry. Over recent years it has extended this role by encouraging, supporting and
assisting the development of national audit programmes, building on the IAEA’s
experience of operating a TLD system. Whenever possible, the IAEA establishes links
between the national programmes and the IAEA Dosimetry Laboratory. The IAEA
disseminates its standardized TLD methodology and provides technical backup to
national TLD networks, ensuring at the same time traceability to primary dosimetry
standards. Several countries have established TLD programmes to audit radiotherapy
beams in hospitals with assistance from the IAEA, and the paper presents an overview
of the activities in Algeria, Argentina, Australia, Brazil, China, Colombia, Cuba, India,
the Republic of Korea, the Philippines and Poland.

1. INTRODUCTION

The most basic level of a radiotherapy dosimetry audit is a beam output
check. The most cost effective method of carrying out an external dosimetry
audit for large numbers of centres and for large geographical areas is with the
use of mailed thermoluminescent dosimeters. In 1969 the IAEA, together with
the World Health Organization (WHO), implemented a thermoluminescence
dosimetry (TLD) postal dose assurance service to verify the calibration of
radiotherapy beams in developing countries [1, 2]. Over the subsequent
33 years the IAEA/WHO TLD audit service has verified the calibration of
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more than 4500 radiotherapy beams in approximately 1200 hospitals world-
wide. At present the IAEA Dosimetry Laboratory processes thermolumines-
cent dosimeters for about 400 hospital beam audits per year, and with its
limited capacity can only partially satisfy the current demand. To make TLD
audits available to the largest possible number of hospitals in developing coun-
tries, the IAEA has encouraged and supported the development and operation
of national activities for quality assurance in radiotherapy.

An IAEA co-ordinated research project (CRP), Development of a
Quality Assurance Programme for Radiation Therapy Dosimetry in
Developing Countries, was initiated in 1995 with the aim of transferring
know-how on TLD postal dose audits for radiotherapy hospitals to the
national level. Twelve countries participated in this exercise1. The IAEA’s
TLD methodology was provided to national centres at which existing
resources enabled the set-up of external audit groups (EAGs), nationally rec-
ognized teams of experts in charge of operating external quality audits for
radiotherapy dosimetry. The CRP offered a standardized methodology, the
same for all participating countries, and provided a technical backup to the
national EAG activities. It developed the Guidelines for the Preparation of a
Quality Manual for External Audit Groups on Dosimetry in Radiotherapy
[3]. In addition, the TLD standard operating procedures of the IAEA
Dosimetry Laboratory were distributed as an example of the TLD audit
methodology. The countries set up their TLD systems with technical support
from the IAEA, which acted as an external quality control of the perfor-
mance of their national TLD systems. First, pilot TLD runs were conducted 
at the national level with a selected number of hospitals and, later, the regu-
lar audit programme was implemented. After the completion of the CRP in
2001 the methodology was made available to other countries willing to estab-
lish national TLD audits. This paper provides an overview of the TLD audit
activities carried out within this programme in Algeria, Australia, Argentina,
Brazil, China, Colombia, Cuba, India, the Republic of Korea, the Philippines
and Poland, as given in the individual country presentations. The 
authors of each presentation are listed in the summary subheading. Aspects
common to each of the national programmes are briefly described in the next 
section.
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1 The IAEA CRP E2.40.07, Development of a Quality Assurance Programme for
Radiation Therapy Dosimetry in Developing Countries, involved the following coun-
tries: Algeria, Argentina, China, Colombia, Cuba, the Czech Republic, India, Israel,
Malaysia, the Philippines, Poland and Vietnam.



2. COMMON TLD METHODOLOGY OF THE NATIONAL
AUDIT SYSTEMS 

The EAGs typically use the IAEA standard thermoluminescent
dosimeters, which consist of polyethylene capsules filled with approximately
160 mg of annealed lithium fluoride (LiF) powder. A calibration of the TLD
system (i.e. the thermoluminescent dosimeter response per unit absorbed dose to
water) is performed using 60Co gamma rays. Several correction factors and
coefficients are applied to account for the non-linearity in dose response, the
variation in sensitivity due to changes in beam quality and the thermolumines-
cent dosimeter holder attenuation [4], and the fading of the thermoluminescent
signal with time.A set of quality control procedures is maintained, which include
verification of the thermoluminescent dosimeter calibration at every reading
session and verification of the dose response and fading at the commissioning of
every new lot of powder. External quality control of the system calibration is
provided by the IAEA Dosimetry Laboratory.

The TLD sets are sent to hospitals with the standard IAEA holders and
instructions and data sheets for 60Co beams and high energy X rays. Hospitals are
requested to irradiate the thermoluminescent dosimeters in a water phantom in ref-
erence conditions. The dose delivered to the thermoluminescent dosimeters should
be calculated using routine clinical data, in the same way as for patient treatments.

Upon arrival at the TLD laboratory, the thermoluminescent signal is mea-
sured and the doses are calculated for each TLD set. The results are reported to
participants as the participant’s stated dose, the EAG TLD determined dose and
the relative deviation and/or the ratio (measured/stated) of these doses. The
acceptance limit of 5% defines the maximum discrepancy between stated and
measured doses, which does not require further investigation.All results outside
the acceptance limit of 5% are followed up with a repeat thermoluminescent
dosimeter irradiation, and the reasons for the discrepancies are investigated.An
on-site visit is recommended if the deviations persist. Immediate action by the
EAG is required if a deviation falls outside 10%. Some EAGs have introduced
more detailed deviation categories, for example an optimum level of 3–3.5%,
which corresponds to the expanded standard uncertainty of their TLD systems
with the coverage factor k = 2.

3. ESTABLISHMENT OF A QUALITY AUDIT PROGRAMME FOR
RADIATION THERAPY DOSIMETRY IN ALGERIA (M. ARIB,
M. OUSSAID, M.S. BALI, S. KHOUDRI)

A quality audit programme for external beam radiotherapy dosimetry
was set up by the secondary standards dosimetry laboratory (SSDL) of Algeria.
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The EAG comprises a radiation physicist from the SSDL, medical physicists
and a radiation oncologist working in radiotherapy.

The TLD capsules, using TLD-100, were calibrated in terms of absorbed
dose to water by comparison with an ionization chamber whose calibration
factor is traceable to the Bureau international des poids et mesures. The
calibration curve was validated by reference irradiations performed by the
IAEA, the radiotherapy centres of Leuven (Belgium) and Villejuif (France)
and the primary standards dosimetry laboratory of Canada. The programme
initially covered 60Co beams, but was later extended to include high energy
X ray beams.

A comparison with the reference centres listed above and with two other
national EAGs involved in similar programmes was made for absorbed doses
between 1.4 Gy and 2.8 Gy. The maximum deviation observed was 2%.

All five Algerian radiotherapy hospitals take part in the audits, which are
performed once a year. At present there are nine 60Co beams and four acceler-
ator beams operational.The service is being extended to biannual checks in ref-
erence and non-reference conditions. The results of the beam calibration
checks performed by the EAG from 1997 to 1999 are presented in Fig. 1. All
but two results are within the acceptance limit of 5%. On-site visits by the EAG
to the hospitals with poor results were organized to assist them in investigating
the deviation and in recalibrating the beam.

For the beam audits in non-reference conditions the range of deviations
was slightly higher (up to 7%), especially when using wedge filters.
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4. DOSIMETRIC QUALITY CONTROL IN RADIOTHERAPY
USING TLD METHODOLOGY IN ARGENTINA (M. SARAVI,
C. KESSLER, P.E. ALVAREZ, D.B. FELD)

An EAG was set up in Argentina in 1996 with the aim of upgrading the
TLD programme run by the SSDL since 1978. The EAG is composed of the
SSDL, which has responsibility for dose determination, traceability to interna-
tional standards and TLD measurements, and two medical physicists from the
Comisión Nacional de Energía Atómica, who work at the Buenos Aires Marie
Curie Oncology Hospital. A total of 90 radiotherapy centres are registered in
the EAG database, with 69 60Co units and 42 linacs operating in the country.
Eighteen of the linacs produce X ray and electron beams. The TLD audit of
dose in reference conditions is intended to be used on each 60Co and mega-
voltage X ray beam at least once per year. The EAG physicists make a visit to
the centre if significant deviations are observed and persist after further action
and checks.

The results for 60Co units show that 97% of results are within the accep-
tance limit of 5%. From 1998 to 2001, year by year, the percentages of the suc-
cessful checks were 97, 89, 98 and 95%, and the standard deviation of the
distribution of the results decreased from 5% to 3%. The results for 44 high
energy X ray beams show that the percentages of results within the 5% limit
were 98–100%, and the standard deviation 2–3%. Since 1999 no deviations
greater than 10% have occurred in any beam, 60Co or high energy X rays.

Two pilot studies for dose audits in non-reference conditions were per-
formed for 17 60Co units and 25 linacs. Depth dose ratios were analysed from
irradiation at different depths in water (5 cm and 10 cm). Measurements on the
axis for varying field size and with a wedge filter were performed. In reference
conditions 93% of beams showed a deviation within 5%; for other field sizes
the percentages of beams with the deviation within 5% were: 81% for 5 cm × 5
cm; 88% for 20 cm × 20 cm; 93% for 5 cm × 7 cm; and 91% for 10 cm × 10 cm
with a wedge.

Typical reasons for deviations outside acceptance limits are: percentage
depth dose errors, source to axis distance and/or source to surface distance set-
up errors and misunderstandings of applied correction factors. Isolated cases
revealed a lack of re-calibration of a dosimeter and a malfunctioning of the
timer in a 60Co machine.

The procedure for on-site visits to hospitals was also implemented. The
procedure includes mechanical and radiation beam checks, verification of the
calibration factor of a dosimeter, determination of the dose rate in reference
conditions, verification of percentage depth dose and output factor charts used
at the hospital and a review of the documentation related to the irradiation



unit. Since 2000 five follow-up visits have been made. Reasons for dose dis-
crepancies occurring in the analysis of the data sheets were verified at these vis-
its.

5. A TLD THERAPY DOSIMETRY QUALITY ASSURANCE
PROGRAMME FOR AUSTRALIA2 (M. COX, R. HUNTLEY,
D. WEBB)

The Australian Radiation Protection and Nuclear Safety Agency
(ARPANSA) is in the process of developing a TLD quality assurance service
for Australian radiotherapy centres that will be calibrated against the national
primary standard of absorbed dose to water.

A pilot study during May and June 2002 involved six Australian centres.
In addition to beam output checks, thermoluminescent dosimeters were
exposed to measure PDD(10), TPR20,10 or D20 /D10 for each beam used.

Calibration capsules were exposed at ARPANSA to precisely 2 Gy at
60Co each day within the specified date window. Calibration capsules appropri-
ate to the date of each hospital irradiation were read out on the same day as
the hospital capsules, thus automatically correcting for fading effects. A fading
study allowed corrections to be made in the event that no calibration capsule
was available for the date of any particular hospital irradiation.

A bulk quantity of powder was exposed to approximately 2 Gy at 60Co a
few weeks before the irradiation window. This powder was used as a control
during the readout of the hospital capsules, to eliminate the effects of drift in
the TLD reader and variations in operator technique.

Background capsules travelled with the hospital capsules but were unex-
posed. Readouts from the background capsules were subtracted from the
exposed hospital capsule readouts.

Energy corrections were applied, using a relationship supplied by the
IAEA. ARPANSA intends to determine its own energy correction factors in
future work.

A linearity curve was developed for the batch of powder used. As the
doses delivered were all close to the requested dose of 2 Gy, the non-linearity
corrections were insignificant and were not applied.

Good results were obtained for the dose at 5 cm (Fig. 2). The mean ratio
of measured to stated dose (Dm/Ds) for the 12 beams at six radiotherapy cen-
tres was 1.004, with a standard deviation of 0.015.
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2 The authors are grateful to the IAEA for the previous audits on radiotherapy
centres in Australia and for guidance in developing Australia’s own programme.



The pilot study has allowed problems with the TLD method to be identi-
fied before the regular TLD quality assurance programme begins. There are
approximately 100 linacs in Australia at 40 locations, administered by 30 radio-
therapy centres. All centres will be expected to participate when the service is
offered regularly, starting late in 2002 or early in 2003. Initially the Australian
TLD quality assurance service will be offered for two photon beams per cen-
tre. Future work at ARPANSA will include the development of procedures so
that audits of up to three photon beams and up to two electron beams will be
offered annually to each centre.

6. QUALITY CONTROL PROGRAMME FOR RADIOTHERAPY 
IN BRAZIL3 (A.M. CAMPOS DE ARAUJO, C.C.B. VIEGAS,
A.M. VIAMONTE, M.E. MORAES)

Brazil currently has 170 radiotherapy services (144 with megavoltage
machines). The quality audit programme conducted by the National Cancer
Institute (NCI) has been in operation for three years and covers 33 public
radiotherapy centres distributed over 19 Brazilian states. The main activities
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3 Work supported by the IAEA under Technical Co-operation Project BRA/6/016.
The work describes one of the TLD networks operating in Brazil.



are: on-site quality control evaluations, postal TLD audits in reference and off-
axis conditions, and training.

On-site quality control reviews of dosimetric, electrical, mechanical and
safety tests have been performed for 69 machines (36 60Co units and 33 linacs).
As expected, more problems were found for obsolete 60Co machines than for
linacs. The most frequent problems (percentage of occurrences ≥ 25%) for the
60Co machines were related to the field and wedge factors, field symmetry and
flatness, collimator axis rotation, laser alignment and field size indicators. For
linacs they were mainly related to field flatness and laser alignment. The prob-
lems revealed were corrected wherever possible at the site visit. Those that
needed action by maintenance engineers were to be corrected as soon as
feasible, and the results communicated to the audit team.

Postal TLD audits for photon beams in reference conditions were con-
ducted in four irradiation runs. The percentages of results within the specified
deviation ranges are shown in Table I. All beams with deviations in the investi-
gation and the emergency ranges have been rechecked. The audit team has
found a highly significant decrease in the deviations between the first and the
second audit.

The postal TLD audit in off-axis conditions started later, with the devel-
opment and testing of a special thermoluminescent dosimeter holder. This has
now been sent to all participants, to be irradiated with photon beams in a stan-
dard water phantom. It checks the beam output in reference conditions, depth

IZEWSKA and THWAITES256

TABLE I. RESULTS OF FOUR AUDITS IN REFERENCE CONDITIONS:
RELATIVE DEVIATIONS

Number of
Number of

Optimum Tolerance Investigation Emergency
Evaluation

institutions
beams

(%) (%) (%) (%)
(60Co/linac)

1 32 70 (37/33) 77.1 7.1 10.0 5.7

2 29 60 (34/26) 83.3 15.0 1.7 0

3 33 68 (34/34) 79.4 19.1 1.5 0

4 33 67 (35/32) 74.6 25.4 0 0

The relative deviation ranges for ratios of measured and stated doses (Dm/Ds):

(a) Optimum: 0.97 £ Dm/Ds £ 1.03;
(b) Tolerance: 0.95 £ Dm/Ds < 0.97 or 1.03 < Dm/Ds £ 1.05;
(c) Investigation: 0.90 £ Dm/Ds < 0.95 or 1.05 < Dm/Ds £ 1.10;
(d) Emergency: Dm/Ds < 0.90 or Dm/Ds > 10%.



dose data, beam output variations with field size, wedge transmission factor,
field flatness and symmetry, and dose calculation for an oblique beam inci-
dence. In the future the audits will be expanded to cover checks of dose on-axis
at different depths for electron beams.

7. QUALITY ASSURANCE IN RADIOTHERAPY DOSIMETRY 
IN CHINA (KAIBAO LI, SUMING LUO, JINSHENG CHENG,
ZHIJIAN HE, JINGGANG AN, YIMIN HU, NINGYUAN FENG)

Since 1983 the Laboratory of Industrial Hygiene (LIH), Ministry of
Health, has been involved in the IAEA/WHO TLD postal dose quality audit
activities for hospitals in China. The SSDL of the LIH has participated in a
yearly IAEA SSDL postal TLD dose comparison since 1989, with the results
within the 3.5% acceptance limit.

In 1995 the SSDL started co-operation with the Beijing Cancer Hospital,
Chinese Academy of Medical Science, to join the IAEA CRP. An EAG was
established in 1996 with the responsibility of operating a TLD based quality
audit for radiotherapy dosimetry. Since then, TLD audits have been carried out
in seven provinces of China. The results are given in Table II.

The results for 132 60Co units and 86 high energy X ray beams checked
from 1996 to 2000 indicated that 78% of hospitals were within the acceptance
limit of 5%. Assistance was provided to 21 hospitals with poor results, includ-
ing five on-site visits. All deviations were corrected.

In addition to the work above, national programmes for brachytherapy
and stereotactic radiosurgery dosimetry were initiated in 2001. At the end of
2000 there were 41 gamma knives and 92 X knives in use in Chinese hospitals.
So far 31 of these machines have been checked for dose rates and field dose

IAEA-CN-96/137 257

TABLE II. RESULTS OF NATIONAL TLD
AUDITS (1996–2000)

Total number of beams checked 218
4–15 MV X rays 86
60Co gamma rays 132
Deviations within 5% 77.5%
Number of repeated TLD checks 35
Number of on-site visits to hospitals 5
Number of persisting deviations 0



profiles using dosimetric film and miniature ionization chambers (0.015 cm3).
The preliminary results indicate that problems exist with some of these
machines.

8. NATIONAL TLD NETWORK FOR BEAM CALIBRATION
QUALITY CONTROL IN COLOMBIA (M.E. CASTELLANOS,
U.O. CHICA, H. OLAYA)

A national network for radiotherapy beam calibration quality control was
established in Colombia in 1999. The network is supported by the SSDL and
the TLD Laboratory (TLDL) of the Nuclear Safety and Radiation Protection
Unit of INGEOMINAS. An EAG of five experienced medical physicists was
created to assist in solving discrepancies found during the postal quality audits
performed by the network.The aim is the establishment of a radiotherapy qual-
ity assurance programme (RQAP) for the 32 radiotherapy centres, with 56 pho-
ton beams, in the country.

The verification of the beam output in reference conditions for 60Co and
high energy X ray beams is made by a postal TLD audit system, following
IAEA procedures.The accuracy of the dose calibration by the SSDL is checked
by comparisons with the IAEA.

To check the performance of the TLD procedures a few dosimeters were
irradiated at the SSDL at doses near 2 Gy in reference conditions in a 60Co
beam and then read at the TLDL following the established procedures. To
check the postal procedure a similar test was performed in co-operation with
the IAEA Dosimetry Laboratory. The agreement between the absorbed dose
to water determined by the TLDL, Dm, and the absorbed dose stated, Ds, by the
national SSDL and the IAEA was better than 2%.

The first trial run was performed with six radiotherapy centres in which
experienced medical physicists work.The results are reported in Fig. 3, in which
the dose stated by the centre is compared with the values measured by the
TLDL. A total of 13 beams have been checked, including four 60Co beams and
nine X ray beams from 4 MV to 18 MV. In general, the results were acceptable:
the ratios of Dm/Ds for nine of the 13 beams were within 3% and only one
6 MV beam was outside 5%.

Additionally, as a result of this project the EAG assisted the IAEA to
solve discrepancies that occurred in Colombian hospitals during the last
IAEA/WHO TLD audit run.The EAG performed visits to these centres, inves-
tigated discrepancies and found causes of deviations such as a malfunction of
the electrometers, a confusion of clinical reference conditions and calibration
reference conditions, and a beam calibration misunderstanding.
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Now that the national network for radiotherapy beam calibration quality
control is established, the procedures for external audits of high energy photon
beams have been checked and the EAG manual has been completed.

9. CUBAN EXPERIENCE IN A DOSIMETRY QUALITY AUDIT
PROGRAMME FOR RADIOTHERAPY (J.L. ALONSO-SAMPER,
L. DOMINGUEZ, F.G. YIP, R.A. LAGUARDIA, J.L. MORALES,
E. LARRINAGA)

In 1997 the Centro de Control Estatal de Equipos Médicos, in co-opera-
tion with the Instituto Nacional de Oncología y Radiobiología, started a
national programme of quality assurance in radiotherapy. With the support of
the IAEA a total of ten complete dosimetry sets has been acquired and a large
number of medical physicists has been trained4. In addition, nine cobalt units
have been installed, all of which are running at present.

For more than 20 years Cuba has taken part in the IAEA/WHO TLD
postal dose audit programmes, the results of which have been inside the 5%
acceptance limit. Cuba also joined the IAEA CRP to extend at a national level
the experience of the TLD based audits, using the capability of its SSDL to
measure thermoluminescent dosimeters. At the same time, the work of the
already existing EAG was consolidated.

IAEA-CN-96/137 259

0.9

0.95

1

1.05

1.1

0 5 10 15
Beam number

D
m

/D
s

FIG. 3. First trial run in Colombia with six radiotherapy centres and 13 photon beams.

4 This programme was possible thanks to co-operation between the Cuban Ministry
of Health and the IAEA in projects ARCAL XXX and CUB/6/011.



The national programme for quality assurance in radiotherapy works on
the basis of external on-site visits. The main objective is to avoid accidents and
to improve the quality of radiotherapy treatments. Every year each radiother-
apy service is visited by a qualified team of physicists, with the objective to
check the physical aspects of the quality of radiotherapy treatments. The visit
includes a review of documents and records, safety, mechanical and dosimetric
aspects, treatment planning and tests in the fixed depth phantom to simulate
and verify several techniques.

Although the TLD postal audit results were acceptable, the quality assur-
ance audit visits have detected problems that may have affected the dose delivery
to patients by more than 5%; for example, not all clinical plans are redundantly
checked by an independent person; not all controls (daily, monthly and annual)
are performed in accordance with the protocols approved by the National
Quality Assurance Committee; in some cases the controls are not well recorded;
clinical protocols are not strictly followed; there are problems with patient data
acquisition; problems in the set-up of patients; mechanical malfunctions.

As a result of the visits, during the past three years of auditing these prob-
lems have been reduced in magnitude. Recently a radiation oncologist has
joined the quality assurance programme as a part of the audit team.

10. ESTABLISHMENT OF A NATIONAL QUALITY AUDIT
NETWORK FOR DOSIMETRIC QUALITY CONTROL 
IN RADIOTHERAPY USING TLD METHODOLOGY IN INDIA 
(G. RAMANATHAN, V.D. KADAM, S.P. VINATHA, A.T. SOMAN,
P.S. JADHAVGAONKAR, M. VIJAYAM, V.V. SHAHA, M.C. ABANI)

The programme of quality audits of dosimetry in radiation therapy cen-
tres in India has been carried out since 1976 by the Bhabha Atomic Research
Centre (BARC), which is a member of the IAEA/WHO network of SSDLs. At
present, approximately 220 60Co machines and about 35 linacs are covered by
the programme, which has been extended to the neighbouring countries of
Myanmar, Nepal and Sri Lanka.

The SSDL of BARC conducts two to three national TLD runs every year;
approximately 50 radiotherapy centres are audited in each run. The IAEA
TLD methodology has been adopted and the uncertainties in the evaluation
have been reduced to less than 2% by optimization of the TLD procedure.
Follow-up actions are taken for those hospitals that have deviations in the audit
outside the acceptance limit of 5% by sending detailed worksheets to analyse
the discrepancies and by a repeat TLD audit. If needed, visits to the hospitals
are performed in order to improve the local dosimetry practices.
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The SSDL participates in a reciprocal comparison with the IAEA every
year and has also had comparisons with EAGs in Argentina, the Republic of
Korea and Malaysia. The results have shown good agreement.

Figure 4 shows the evolution over time of the results of the national TLD
programme in terms of the percentage of hospitals that had deviations within
the 5% acceptance limit in the period from 1976 to 2000. The data have been
averaged over five-year periods to smooth the yearly fluctuations. The results
include the quality audits carried out for 60Co photon beams as well as high
energy X ray photons from linacs.

As can be seen from Fig. 4, currently approximately 80% of hospitals
have acceptable dosimetry procedures. In order to improve the performance
of the remaining 20%, they have been advised to make dosimetry measure-
ments in water following IAEA Technical Reports Series No. 277 (TRS 277)
[5] (if the chamber is calibrated in terms of air kerma, NK) or TRS 398 [6] (if
the chamber is calibrated in terms of absorbed dose to water, ND,w).
Workshops have been organized on the recent IAEA protocols [6, 7].

The reasons for deviations beyond acceptable limits in the quality audit
results have been identified as:

(a) Calculational mistakes in converting measured output, mostly in air to
absorbed dose in water;

(b) Improper dosimetric measurements;
(c) Auxiliary instruments, such as barometers, not functioning properly;
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(d) Defective machine parameters.

At present, the quality audit is carried out for dosimetry under reference
conditions. It is proposed to extend the audit to cover dosimetry under non-
reference conditions by developing a suitable TLD methodology.

11. QUALITY ASSURANCE PROGRAMME FOR 
RADIOTHERAPY CENTRES IN THE REPUBLIC OF KOREA5

(G.Y. KIM, H.K. LEE, K.J. PARK, H.J. OH)

In 1999 the SSDL of the Korea Food and Drug Administration (KFDA)
started a national quality assurance programme for ensuring accuracy in radio-
therapy dosimetry. On-site visits have been performed to verify dosimetry prac-
tices in 43 radiotherapy hospitals that have four 60Co units and 47 high energy
photon beams from accelerators.The measurements were carried out in a water
phantom in accordance with TRS 277 [5].The distribution of deviations is given
in Table III. The results showed deviations varying between –7.1% and +8.4%.
The KFDA followed up the large deviations observed in the programme.

In the past two years the KFDA successfully set up the national TLD
postal dose audit programme. The method was based on the original IAEA
technique using a PCL3 Fimel TLD readout system. There have been three
TLD irradiation runs, in which 22 radiotherapy centres participated.The results
showed deviations varying between –3.7% and +4.2%. All 52 radiotherapy
centres in the Republic of Korea have applied to participate in the 2002 TLD
programme.

The discrepancies outside the 5% limit were followed up by the KFDA.
The lack of traceability of ionization chamber calibrations to the SSDL was a
major reason for discrepancies in dosimetry. Also, the correction for air density
(temperature and pressure) is a factor that sometimes introduces errors. Most
hospitals do not calibrate their own barometers and sometimes rely on the air
pressure that is quoted by local meteorological offices. In one case the barom-
eter and thermometer of the clinic deviated from the KFDA’s instruments by
about 23 mm Hg and 2°C, respectively, even if the temperature was measured
in air. In one case a variation in output of about 4% due to the gantry head
angle (horizontal vs. vertical) was discovered.
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5 Training in TLD methodology at the IAEA Dosimetry Laboratory was provided
within IAEA Technical Co-operation Project ROK/9/042.



12. QUALITY AUDIT OF PHILIPPINE RADIOTHERAPY CENTRES
(N. LINGATONG, M.D. SALADORES, E. CASERIA)

A quality audit programme for Philippine radiotherapy centres has been
developed under the IAEA CRP. The programme includes annual on-site vis-
its and a TLD based dose assurance programme using mailed dosimeters.

The EAG organized for the project implementation has obtained formal
recognition from the national authorities. Its members are medical physicists
and radiation oncologists from hospitals, and they have extensive training and
experience in radiotherapy. The members of the measuring group are from the
Philippine SSDLs.

A total of 19 radiotherapy centres was visited from 2000 to 2001. These
included all operational facilities, those with newly installed teletherapy equip-
ment and those undergoing source replacement before the machines were used
for clinical application. All centres have at least one medical physicist. A total
of 19 60Co machines and eight linacs were evaluated for performance.

The TLD procedures were developed with the technical assistance and
supervision of the IAEA Dosimetry Laboratory. Comparisons of the response
of the TLD systems of the SSDL and the IAEA were undertaken from 2000 to
2001, with good results (within 1%).

A test TLD audit run for 60Co and megavoltage X ray beams was con-
ducted in 2001. Sixteen sets of dosimeters were issued to participants; the
results are shown in Fig. 5. All deviations were within 5%. However, a careful
study of the data sheets shows that 14 dosimeter sets had been irradiated using
the newly measured beam output and not the clinical data used in the treat-
ment of patients. The difference of the doses was, however, less than 2%.
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TABLE III. RESULTS OF THE QUALITY ASSURANCE PROGRAMME
IN THE REPUBLIC OF KOREA

Linacs 60Co

Deviation (%) Deviation (%)

£3% 3–5% 5–10% £3% 3–5% 5–10%

1999a 47 36 3 8 4 2 — 2

2001 — — — — 5 4 1 —

2002 18 16 2 — — — — —

a Audits were performed by on-site dosimetry review visits.

Number
of beams

Number
of beams



The radiotherapy quality audit programme was developed by the
Department of Health under the Health Sector Reform Agenda and continues
after the expiration of the IAEA research contract.

13. EXTERNAL QUALITY AUDITS IN RADIOTHERAPY 
IN POLAND (W. BULSKI, J. ROSTKOWSKA, M. KANIA,
B. GWIAZDOWSKA)

The SSDL in Poland co-ordinates all activities carried out in radiotherapy
quality assurance programmes nationwide.The EAG was set up as a part of the
SSDL. The EAG is in charge of the management of the quality assurance pro-
gramme and organization of the TLD measurements. The SSDL takes the
responsibility for the metrological aspects of the programme.

There are in Poland 21 radiotherapy centres with 64 megavoltage units:
21 60Co units and 43 linacs. The first audit, supported by the IAEA, was carried
out from 1991 to 1993. It yielded interesting results on the magnitude and
sources of uncertainties of dose measurements. Between 1993 and 1995 a
nationwide TLD check for photon beams in the framework of the Pan-
European Radiation Oncology Programme for Assurance of Treatment
Quality (EROPAQ) was performed. Audits supported by the IAEA under the
CRP covering 60Co and accelerator photon beam output measurements in
standard conditions were performed from 1999 to 2000.Audits in non-standard
conditions started in 2001.
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Since starting the programme in 1991 a total of four TLD runs for 60Co
units, three for high energy X rays and two TLD runs for electron beams have
been organized (Table IV). All dose checks were performed in reference con-
ditions, and the participants measured the beam output prior to TLD irradia-
tion. In 2001 an audit for 60Co beams was repeated, but this time the
participants were requested to calculate the time of TLD irradiation using their
clinical data rather than ionization chamber measurements. Among the total
number (167) of checks performed from the inception of the programme, eight
deviations beyond 5% have been detected, and they appeared mostly during
the early audits (Fig. 6). All results in 2001 for 60Co units were within 3%. No
deviations outside 5% occurred for electron beams.

14. CONCLUSIONS

Several countries have established their own TLD based national audit
systems with the support and technical assistance of the IAEA. A uniform
methodology was implemented in Algeria, Australia, Argentina, Brazil, China,
Colombia, Cuba, the Republic of Korea, the Philippines and Poland, and a few
other countries. All the evidence points to the audit systems being an effective
means of detecting problems, which when rectified improve the quality of
radiotherapy treatment delivery and outcome.

A few quality assurance networks conduct TLD audits in parallel with on-
site reviews of the local dosimetry practices in hospitals; the others organize on-
site visits in order to follow up poor results of TLD audits. All networks have
implemented, at least in the stage of a pilot TLD run, dose checks in reference
conditions for photon beams. Most network systems perform regular audits for
all hospitals in their countries. In addition to the basic programme, more devel-
oped networks incorporate dose audits in non-reference conditions on-axis for
photon beams and audits in reference conditions for electron beams.
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TABLE IV. CHRONOLOGY OF TLD AUDITS IN POLAND

Number of audits in reference conditions
60Co Linac photons Linac electrons

1991–1993 11 11 12

1994–1995a 32 24 —

1999–2000 12 17 —

2001 16 — 32

a Performed within the framework of the EROPAQ project.



There are over 1400 radiotherapy hospitals with about 1040 60Co units
and 870 linacs in the 11 countries presenting their work in this paper. Owing to
the different stages of implementation of the national systems, at present about
43% of local hospitals are involved in the regular audit programme. Once the
TLD networks are fully operational, the EAGs will be able to expand the num-
ber of beam checks in their countries and consider extension to other non-
reference conditions and other modalities.

Thanks to these developments at the national level, access for a local hos-
pital to a regular audit programme is now easier and assistance in resolving
problems in dosimetry is now closer at hand and therefore more rapid.Also, the
IAEA/WHO can now shift the focus of their TLD postal dose service to hos-
pitals that have not yet participated in external dose audit programmes or to
those countries in which there is no critical mass to establish a national quality
assurance system, either owing to the small number of radiotherapy hospitals
or owing to limitations in the national expertise or resources.
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Abstract

The Czech thermoluminescence dosimetry (TLD) quality assurance network
provides independent audits for external beam radiotherapy and dental X ray radiology,
primarily for the purposes of State supervision. Two modes of audit are used in
radiotherapy. The basic mode includes beam calibration checks for all clinically used
photon and electron beams, while the advanced mode covers TLD measurements for
photon beams both on and off the central beam axis for a few simple treatment set-ups
using a multipurpose phantom. The audit aims to check for dental radiology not only
some basic dosimetric characteristics of the X ray apparatus but also the film developing
process used by the dentists. The audits are performed by means of mailed dosimetry.

1. INTRODUCTION

The Czech thermoluminescence dosimetry (TLD) quality assurance
(QA) network was established in 1997 [1], as a part of the external auditing
group (EAG) that originated in 1995, in order to perform an independent
quality audit in external beam radiotherapy for two purposes:

(a) To unify the dose within radiotherapy departments;
(b) To strengthen and support the State supervision operated by the State

Office for Nuclear Safety (SONS).

The network’s measuring centre was established at the National
Radiation Protection Institute (NRPI) in Prague. On the basis of positive
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experience in radiotherapy with this network, new methods have been devel-
oped to expand it to radiology in order to simplify the application of State
supervision. The TLD QA network for dental radiology began operation in
2001 [2].

2. TLD AUDIT IN RADIOTHERAPY

2.1. TLD system 

Waterproof polyethylene capsules, identical to those used by the IAEA,
are used for the thermoluminescent dosimeter’s powder [3]. Each capsule con-
tains about 160 mg of LiF:Mg,Ti powder that provides nine to ten identical por-
tions to be read after the powder is dispensed into metallic containers that are
small enough to be placed on the reader’s planchette. The thermoluminescent
dosimeter reader used is the manual Harshaw model 4000. Glow curves are
recorded in every case in order to eliminate possible errors due to temperature
shift in the reader. The thermoluminescence responses of the identical samples
previously irradiated to 2 Gy exhibit a Gaussian distribution with a standard
deviation for a single thermoluminescence reading of v = 1.9%. The relative
standard deviation for the mean related to a single thermoluminescent capsule
does not exceed 0.7%. The absorbed dose was calculated using a generally
accepted equation including correction for dose linearity, holder influence, fad-
ing and energy dependence [1]. The combined standard uncertainty is 1.5% for
60Co beams, 1.9% for X ray beams and 2.3% for electron beams.

2.2. Basic TLD audit

The basic TLD audit, which has been carried out since 1997, mostly covers
beam calibration checks for all clinically used photon and electron beams.
Photon and electron IAEA holders [3–5] were distributed to all Czech radio-
therapy centres. When the audit is required, the audited radiotherapy centre is
provided with a set of dosimeter capsules, an instruction sheet describing the
method of irradiating the dosimeters, a data sheet to enter specifications
regarding the radiotherapy treatment machine, other dosimetry equipment and
details about the irradiation of the dosimeters. For photon beams the capsule is
fixed by the holder positioned at a depth of 5 cm or 10 cm in an appropriate
water phantom for a field size of 10 cm ¥ 10 cm with a source to surface dis-
tance (SSD) or source to axis distance (SAD) set-up, as normally used by the
centre. A dose of 2 Gy is required to be delivered. If necessary, a beam quality

KROUTILÍKOVÁ et al.270



check can be performed for X ray beams, for which the capsules are positioned
at depths of 10 cm and 20 cm, with a field size of 10 cm ¥ 10 cm and an
SSD = 100 cm set-up, and a dose of 2 Gy is required for the upper capsule. For
electron beams the capsule is positioned in a special holder to be irradiated at
a depth of dmax to a dose of 2 Gy in a field size of 10 cm ¥ 10 cm and at the
normal SSD. The radiotherapy centres are requested to irradiate the dosimeters
during a predetermined period. At the same time the TLD system is calibrated,
which helps to keep fading under control.

According to the Czech regulations, every radiotherapy beam must be
checked in this way at least once every two years.

2.3. Advanced TLD audit

The advanced TLD audit consists of measurements under both reference
and non-reference conditions using a solid multipurpose phantom for photon
beams, developed in Leuven for the European Commission network project,
(the ‘Leuven phantom’) [6] that enables checks of a substantial part of the
treatment planning process, including the dose delivery to the target volume.
Some procedures that patients usually undergo during the radiotherapy
process can be modelled in this way, including the sequence from computed
tomography (CT) data acquisition to treatment planning and then finally the
phantom irradiation in accordance with the calculated plan.

The audit procedure consists of a sequence of several steps that simulate
the process of treatment preparation and realization. The phantom is first
assembled in accordance with the requested set-up. Thereafter, a CT scan
image through the central transversal plane of the phantom is taken using the
markers on the phantom surface. The CT slice is transferred by normal means
to the treatment planning computer, and a few irradiation set-ups are simu-
lated. The planned dose for the point containing dosimeters on the central
beam axis is 2 Gy. The phantom with dosimeters or a film in is then irradiated
in accordance with the calculated plan. Consequently, it is possible to compare
the planned dose for the thermoluminescent dosimeter points with the doses
measured by dosimeters. Films are also irradiated in a reference set-up, using
an applied dose within a range of 0.3 Gy to 0.4 Gy. Evaluation of the film is
used to check the parameters of the dose profiles of the beam.

Irradiation of the phantom containing dosimeters is usually performed
for seven simple irradiation set-ups currently used in clinical radiotherapy,
basically with normal SSD (or SAD), open fields and a vertical incidence set-
up, at depths of 5 cm or 10 cm, depending on the beam quality. The set-ups are
summarized in Table I.
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2.4. Reporting of deviations

The measured doses are compared with the doses stated (calculated) by
the radiotherapy centre. For all dose measurements the deviation between
measured and stated dose is reported:

DD = (DTLD/Ds – 1) × 100%

An acceptance level of ±3% has been set for this deviation. Deviations
from ±3% to ±6% are considered minor, deviations exceeding ±6% are
regarded as major and deviations exceeding ±10% are emergency values.

The full detailed results are mailed to the chief physicist of the audited
radiotherapy centre if the deviation is within the acceptance level. In the event
of a minor deviation the chief physicist is informed that it was detected and that
the audit will be repeated shortly. If a major deviation is found the radiother-
apy centre is informed and must investigate the situation to find a possible
cause for the discrepancy and have the TLD audit repeated at its own expense.
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TABLE I. IRRADIATION SET-UPS TESTED IN THE ADVANCED TLD
AUDIT

Set-up Description

TLD measurements

On central Off central
beam axis beam axis

1 Reference conditions (10 cm × 10 cm) Yes No

2 Asymmetrical field (5 cm, 2 cm) × 10 cm, Yes No
either with an asymmetrical collimator
or with a block

3 Rectangular field (9 cm × 15 cm) Yes No

4 Wedge fields (9 W × 15 cm2, Yes Yes
wedges from 15° to 60°)

5 Oblique incidence (15 cm × 15 cm, Yes Yes
depth of 8.3 cm on central beam axis)

6 Open large field (15 cm × 15 cm, Yes Yes
depth of 10 cm)

7 Inhomogeneities (15 cm × 15 cm, Yes Yes
depth of 10 cm)
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Deviations exceeding ±10% are reported immediately to SONS, which can exe-
cute proper sanctions on the radiotherapy centre.A detailed in situ audit by the
EAG is usually ordered and the activities of the radiotherapy centre may be
suspended temporarily.

Except for major and emergency deviations, the results of all performed
TLD audits are mailed to SONS monthly.

These described actions for detected deviations are currently consistently
applied only for the basic version of the audit; for the advanced audit no sanc-
tions are currently applied to the radiotherapy centre. The current practice is
such that if some deviations exceeding the acceptance level are found, they are
reported to the chief physicist, who is asked to investigate the situation and
check the treatment planning system, including the dosimetric data.

2.5. Results and discussion

There are 34 centres in the Czech Republic that provide external beam
radiotherapy. From 1997 to 2001 each of the centres underwent the basic TLD
audit for all its clinically used beams at least three times. Those showing some
dosimetric discrepancies were audited more frequently. A total of 362 photon
and electron beam checks were performed. For the total number of beams the
mean value, m, for the DD (%) distribution was –0.04 and the relative standard
deviation was 2.83%.The emergency level was exceeded for four machines: one
137Cs unit, two 60Co units and one betatron (19 MV X ray beam). The devia-
tions exceeding the emergency level were carefully investigated. In situ mea-
surements were performed shortly after the TLD audit, which proved that the
discrepancies were connected with mistakes caused by local physicists or incor-
rect performance of the outdated machines. The latter was especially obvious
for the betatron, as keeping it stable was evidently difficult.The emergency lev-
els were exceeded mostly from 1997 to 1999; the situation has improved as
some outdated machines have been decommissioned. Currently about 90% of
the results comply with the acceptance level. The remaining 10% mainly show
deviations of up to ±6%. Deviations higher than ±6% are very rare.

Eight different types of treatment planning system (TPS) are used in the
Czech Republic. The advanced audit was piloted for ten radiotherapy centres
from 1999 to 2000. Within the pilot study, 11 TPSs (including seven different
types) were tested for the use of cobalt and X ray beams. According to the
multipurpose performance checks, most of the TPSs were found to comply with
the tolerance level for simple treatment set-ups for central beam axis
measurements. Some showed discrepancies for off-axis measurements above the
acceptance level, especially for set-ups with inhomogeneities, oblique incidence
and wedges. Only two of the tested TPSs showed deviations within the



acceptance level of ±3%, another two showed a few minor deviations of up to
±6% and the rest showed a few major deviations exceeding ±6%. It was proved
that the results were not dependent only on the quality of a particular TPS but
rather on the quality of a particular radiotherapy centre. In any case, the purpose
of the study was not to test TPS algorithms. The best results were achieved for
large radiotherapy centres that were equipped adequately to perform modern
quality radiotherapy. Such centres predominantly used systems such as CadPlan
(Varian Medical Systems, Dosetec) or Focus (Computerized Medical Systems)
with an on-line connection to the CT, simulator and verification system. These
centres also had very good dosimetric equipment and the experience to acquire
quality dosimetric data. Unfortunately, in the Czech Republic only ten of the 34
existing centres could be considered adequately equipped in this way.

3. TLD AND FILM AUDIT IN DENTAL RADIOLOGY

In dental radiology the audit is aimed at checking not only some basic
dosimetric characteristics of the X ray apparatus but also the conditions of film
processing by the dentists. It is well known that dentists often do not follow rec-
ommended chemical procedures for film processing, but deliver higher expo-
sures to patients in order to speed up the film developing process.

3.1. Method

For audit purposes the dentist receives a dosimetric set with instructions.
The dosimetric part of the method includes irradiation of a large radiographic
film simultaneously with an attached thermoluminescent dosimeter in order to
check output in terms of air kerma (Ka), irradiation field size and exposure
reproducibility. The dentist is instructed to apply the usual setting for an upper
molar exposure. The film processing is checked by means of two dental films
and a standardized phantom. The dentist is required to develop an enclosed
dental film irradiated under reference conditions in the measuring centre lab-
oratory (the NRPI). In addition the dentist is asked to provide his or her own
dental film and irradiate it with the phantom. This film is developed later in the
measuring centre using a standard optimized process. The measurement of the
sensitometric characteristics of both the dental films, and their mutual compar-
ison, provide information on the quality of the film processing. It also indicates
a relationship between the applied Ka value and the quality of the developing
process. The Ka value should not exceed 5 mGy and the structures imaged on
the developed dental films should be adequately visible and distinguishable.
Evaluation of a particular case also depends on the type of film used by the
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dentist, because most high sensitivity films can provide good quality radi-
ographs for Ka values less than 5 mGy if a correct film processing procedure is
observed. If this Ka value is exceeded, the dentist is informed and asked to
improve the film processing.The diameters of the two radiation areas shown on
the large radiographic film should be less than 6 cm.

3.2. Results and discussion

There are about 4000 X ray dental apparatuses in use in the Czech
Republic, and therefore an audit system with a large operating capacity is
required. The requirement is to check about 2000 apparatuses each year; the
test run of this large number of apparatuses started in 2002. The main initial
purpose is to familiarize the dentists with the method before the audit starts to
be used as an instrument of State supervision, which should be in 2003. During
the first six months of 2002 a total of 927 dosimetric sets were sent to dentists,
although, unfortunately, 20% of the dentists refused to carry out the required
procedures. Consequently, a total of 742 audits were performed.

Even though the measured Ka values were less than 5 mGy in most cases,
only 10% of the results complied fully with the acceptance levels for all the
checked parameters. Frequently, Ka was less than 5 mGy, but it was evident that
the dentist did not observe the optimal conditions for film processing. The Ka
value of 5 mGy was exceeded in 17% of cases; the radiation area diameter was
exceeded in 24% of cases and unsatisfactory irradiation reproducibility was
observed for 15% of the X ray apparatuses. These problems were evident espe-
cially for five models of X ray machine, unfortunately those that account for
about 50% of those used in the Czech Republic. Film processing, however,
causes the main problems. The sensitometric parameters measured within the
film processing test conformed with the acceptance intervals only in 20% of
cases. The results confirm the original assumption that incorrect methods of
film processing lead to higher doses than necessary being applied to patients.
Also, there are still many outdated types of X ray apparatus in use that do not
meet the present criteria for radiation protection.

4. CONCLUSIONS

The importance of the national TLD quality assurance network has been
proved. It has contributed to the improvement of clinical radiation dosimetry
in the radiotherapy centres and to the improvement of the radiation protection
of patients in dental X ray investigations. In addition, it significantly helps the
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regulatory authority to monitor radiotherapy and radiology institutions effec-
tively and regularly.

ACKNOWLEDGEMENTS

Part of the work was sponsored by the Ministry of Health of the Czech
Republic under project NC/5948-3 and also by IAEA contract No. 9468 under
CRP E2.40.07.

REFERENCES

[1] KROUTILÍKOVÁ, D., ŽÁĆKOVÁ, H., TLD audit in radiotherapy in the Czech
Republic, Radiat. Prot. Dosim. 85 (1999) 393–396.

[2] KROUTILÍKOVÁ, D., NOVÁK, L., “A method of postal audit in dental radiodi-
agnostics”, Radiation Protection in Central Europe: Radiation Protection and
Health (Proc. Congr. Dubrovnik, 2001), Croatian Radiation Protection
Association, Zagreb (2001) (CD-ROM).

[3] IZEWSKA, J.,ANDREO, P., The IAEA/WHO TLD postal programme for radio-
therapy hospitals, Radiother. Oncol. 54 (2000) 65–72.

[4] IZEWSKA, J., NOVOTNY, J., VAN DAM, J., DUTREIX, A., VAN DER
SCHUEREN, E., The influence of the IAEA standard holder on dose evaluated
from TLD samples, Phys. Med. Biol. 41 (1996) 465–473.

[5] DUTREIX, A., et al., “Performance testing of dosimetry equipment. Postal dose
intercomparison of electron beams”, Radiation Dose in Radiotherapy from
Prescription to Delivery, IAEA-TECDOC-734, IAEA, Vienna (1994) 305–309.

[6] BRIDIER, A., NYSTRÖM, H., FERREIRA, I., GOMOLA, I., HUYSKENS, D.,
A comparative description of three multipurpose phantoms (MPP) for external
audits of photon beams in radiotherapy: The water MPP, the Umeå MPP and the
EC MPP, Radiother. Oncol. 55 (2000) 285–293.

KROUTILÍKOVÁ et al.276



PROTON AND HADRON DOSIMETRY

(Session 13)

Chair

P. ANDREO
Sweden

Co-Chair

S.M. VATNITSKY
IAEA

Rapporteur

A. KACPEREK
United Kingdom



BLANK



CODES OF PRACTICE AND PROTOCOLS FOR
THE DOSIMETRY IN REFERENCE CONDITIONS
OF PROTON AND ION BEAMS

S.M. VATNITSKY
Division of Human Health, International Atomic Energy Agency,
Vienna
E-mail: s.vatnitsky@iaea.org

P. ANDREO
Medical Radiation Physics,
Stockholm University–Karolinska Institute,
Stockholm, Sweden

Abstract

The advantages of radiotherapy protons and heavier charged particle beams, their
technological feasibility and the clinical results obtained so far have led to the
establishment of about 20 medical treatment facilities worldwide and plans to open
another 20 proton and light ion therapy centres in the next five years. In order to meet
the expanding capabilities of treatment techniques and to provide an extensive
exchange of clinical experience, considerable effort has been devoted during the past
15 years to the development of the dosimetry and calibration of such beams. The paper
reviews these developments and summarizes the present status of codes of practice and
protocols for the dosimetry in reference conditions of proton and ion beams.

1. INTRODUCTION

There has in recent years been an increased interest in the medical com-
munity throughout the world in establishing dedicated hospital based facilities
employing proton and light ion beams for radiotherapy. A recent review [1]
reports the establishment of about 20 treatment facilities worldwide and plans
for opening another 20 proton and light ion therapy centres in the next five
years. The advantages offered by the physical dose distributions of proton and
light ion beams of a strongly increasing energy deposition at the end of the par-
ticle’s range and a sharp lateral dose fall-off allow the tailoring of the dose dis-
tribution to the target volume. The planning of this high precision conformal
therapy requires accurate dosimetry and beam calibration in order to ensure
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the exact delivery of the prescribed dose1. However, the extensive exchange of
clinical experience and medical treatment protocols needs to be based on con-
sistent and harmonized dosimetry procedures.

Absorbed dose determinations in reference conditions in conventional
radiotherapy are usually performed with air filled ionization chambers having
calibrations traceable to standards laboratories. However, the lack of national
and international dosimetry standards for proton and light ion beams, and the
lack of the understanding of the details of the relevant physics, made calorime-
ters and Faraday cups (FCs) become the reference dosimetry instruments of
choice for the calibration of these beams. This trend can also be understood
from the perspective that the dosimetry of medical proton and light ion beams
was carried out by physicists from nuclear physics research centres, who were
more familiar with such instruments. Through the years considerable effort has
been devoted to the development of a theoretical background and practical
guidelines for the ionization chamber dosimetry of these beams. Currently, air
filled thimble ionization chambers with 60Co calibration factors are recognized
as the most practical and reliable reference instrument for proton and light ion
dosimetry. This paper reviews the efforts to standardize the dosimetry of
therapeutic proton and light ion beams and summarizes the current status of
codes of practice and protocols for their dosimetry in reference conditions.

2. EARLY DEVELOPMENTS IN THE DOSIMETRY OF
PROTON AND LIGHT ION BEAMS

The following sections overview the recent dosimetry recommendations
for absorbed dose determination in proton and light ion beams, with the
emphasis on ionization chamber dosimetry. Conceptually, all the recommenda-
tions are based on the use of an air filled ionization chamber that behaves like
a Bragg–Gray cavity. The formalisms that relate the absorbed dose to the
medium to ionization in the air differ, but basically use the same approxima-
tion: to consider that the contribution to the ionization in the chamber air by
particles other than protons and light ions can be neglected. The main features
of the codes of practice and protocols discussed in this paper are summarized
in Table I.
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TABLE I. MAIN FEATURES OF THE CODES OF PRACTICE AND
PROTOCOLS FOR DOSIMETRY IN REFERENCE CONDITIONS OF
PROTON AND ION BEAMS

AAPM TG 20 [2] ECHED [5]
ECHED

ICRU 59 [12] TRS 398 [13]
supplement [6]

Particle type Protons, ions Protons Protons Protons Protons, ions

Reference ‘Tissue’ ‘Tissue’ Water Water Water
phantom
material

Reference Calorimeter/FC Calorimeter/FC Ionization Ionization Ionization
dosimeter chamber: chamber: chamber:

thimble thimble thimble or
parallel-plate

Calibration Proton/ Proton beam 60Co 60Co 60Co
quality ion beam

Ionization NX NK (NX) NK (NX) NX, NK, ND,w ND,w
chamber
calibration
factor

Ionization A150 A150 No restriction No restriction No restriction
chamber
wall material

Beam None 60 MeV and Effective Effective Residual
quality 200 MeV energy energy range
specifier

Stopping Ref. [4] Ref. [4] Ref. [7] Ref. [7] Ref. [14]
powers

Wair 34.3 ± 4%, 35.2 ± 4% 35.2 ± 4% 34.8 ± 2% 34.2 ± 0.4%,
33.7 ± 4% ions 34.5 ± 1.5%

ions

Use of No No Yes Yes Yes
chamber
specific
factors

uc(Dw), 1s 4.4%; 2.1% 4.4%; 2.1% 4.4% 2.8% Protons:
(based on (based on 2.0%: thimble
calorimetry) calorimetry) 2.3%: parallel-

plate
Ions:
3.0%: thimble 
3.4%: parallel-

plate



2.1. American Association of Physicists in Medicine (AAPM) TG 20

The pioneer dosimetry protocol for heavy charged particle radiotherapy
beams, TG 20 [2], was published by the AAPM in 1986. It was based on the use
of FCs and calorimeters as reference instruments and gave little attention to
ionization chamber dosimetry. Following the current trends in nuclear particle
radiotherapy, TG 20 recommended specifying the dose to tissue. If a calorime-
ter or an FC were not available, an A150 walled ionization chamber with a 60Co
calibration factor, NX, traceable to a standards laboratory, was recommended.
The lack of a harmonized set of data for the different particles made it neces-
sary for this protocol to include data for stopping powers and for the mean
energy required to produce an ion pair in air, wair,

2 that were not necessarily
consistent and that came from different references in the literature. No beam
quality specifier was introduced to select dosimetric quantities, and stopping
power data [4] were provided for two chamber locations (the plateau and peak)
only. As shown in Table I, the stated overall standard uncertainty of calorimetry
based dosimetry, uc(Dw), was 2.1%, but the uncertainty of the ionization cham-
ber dosimetry was larger by a factor of two, mainly due to the uncertainty of wair.

2.2. European Clinical Heavy Particle Dosimetry Group (ECHED)
code of practice and its supplement

The increased interest in radiotherapy with proton beams led to the pub-
lication of the ECHED code of practice [5], dedicated exclusively to protons, in
which ionization dosimetry received more attention than in TG 20. However, it
was not until the publication of the supplement to the ECHED recommenda-
tions [6] that ionization chambers having a 60Co calibration factor were recom-
mended as a reference detector for proton dosimetry and data were supplied
for chambers with different wall materials. The emphasis on ionization cham-
ber based proton dosimetry was complemented with a recommendation for
using water as the dosimetry phantom material, and the necessary data on tis-
sue and water to air stopping power ratios and Wair were provided. Some of the
most interesting aspects of the ECHED supplement were the use of the proton
stopping power data in the then just released Report 49 of the International
Commission on Radiation Units and Measurements (ICRU) [7] and the intro-
duction of the effective energy of protons as the beam quality specifier.
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2 Note that the symbol wair stands for the differential value, whereas the symbol
Wair denotes the integral value. The difference between wair and Wair is small, owing to
the small variation of this quantity in the energy region of clinical proton beams [3], and
the two symbols have been used in different codes of practice and protocols.



Another important aspect was the adoption of a new value of Wair, 35.2 ± 4%
J/C, recommended in ICRU 31 [8]. As can be seen in Table I, all the new
features recommended by ECHED did not change substantially the overall
standard uncertainty of ionization chamber dosimetry, as uc(Dw) was still
estimated to be larger than 4%, because of the large uncertainty of Wair.

2.3. Dosimetry comparisons of proton dosimetry

In order to achieve homogeneity in dosimetry at institutions implementing
proton radiotherapy and to facilitate the exchange of clinical experience, the two
protocols, TG 20 and ECHED, recommended periodic dosimetry comparisons
among the various centres. Several ionization chamber comparisons were perfor-
med in proton beams in the early 1990s [9, 10].The measurements used low energy
proton beams and were mainly focused on evaluating the consistency of ioniza-
tion chamber dosimetry at the participating institutions.The goals of these studies
were to compare the results of absorbed dose determination following TG 20 and
ECHED and to verify the consistency of the results when one particular protocol
was used with different types of ionization chamber.The results published in Ref.
[11] showed agreement within 1% in the results for eight ionization chambers
from five proton facilities when the ECHED recommendations were used.

The dose difference between facilities using TG 20 and ECHED was
2.2%, due to the different Wair values recommended in the two protocols. It is
interesting to note that the results of ionization chamber and FC dosimetry
differed by more than 5%. Similar discrepancies between the two methods
were reported in Ref. [15] for measurements in a 173 MeV proton beam.

An international proton dosimetry comparison between 13 institutions was
held in 1995 at the Loma Linda University Medical Center (LLUMC) [16]. The
measurements were performed in an unmodulated beam of 250 MeV and in range
modulated beams of 100 MeV and 155 MeV. The results showed differences
within ±3% when ionization chambers with 60Co calibration factors and institu-
tion specific conversion factors and protocols were used. However, one measure-
ment based on a chamber having a proton calibration factor determined from FC
measurements differed from the mean value of the other methods by 8%.3
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3 It is widely accepted today that FCs cannot be used directly for absorbed dose
measurements, as the method does not provide information on energy deposition [2]. The
collected charge must be converted into an absorbed dose to a medium, a process that
requires the accurate determination of the spectrum of all particles reaching the FC. Even
when careful measurements were made [17], errors in FC dosimetry caused by the lack of
information on secondary particles introduced errors in the calibration of proton beams
[18]. This limitation of FC dosimetry, which was highlighted by the results of the compar-
ison, reduced substantially the use of FCs in proton and ion beam dosimetry, even after
substantial improvements in the accuracy of FC measurements were proposed [19].



Presumably the differences in stated dose delivered to patients shown in
Fig. 1 have existed systematically among the participating institutions, and were
mainly due to the use of different dosimetry protocols. On the other hand, the
LLUMC comparison demonstrated that the use of 60Co calibrated ionization
chambers, identical dosimetry protocols and conversion factors, and specifying
dose to the same material, would decrease the maximum difference between
institutions to 1.5%.This reduction was consistent with the results of multi-insti-
tutional dosimetry comparisons in high energy photon and electron beams
[20].

Since calorimetry is the most direct way to determine absorbed dose to
water, and because this material became the reference for dose specification,
several studies compared the results of dose measurements using ionization
chambers and water calorimetry. Schulz et al. [21] used a calorimeter operated
at a water temperature of 4oC in a 160 MeV range modulated proton beam and
reported a calorimetry to ionometry (TG 20 based) dose ratio of 0.99 ± 0.01.
Reference [22] used the Schulz calorimeter in a 155 MeV proton range
modulated beam and measured a calorimetry to ionometry (ECHED based)
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FIG. 1. Comparison of absorbed dose determinations in the Loma Linda 155 MeV
proton beam in 1995 [16].
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dose ratio of 0.978 ± 0.005. Similar results were obtained in Ref. [23] in an 85
MeV range modulated proton beam, finding calorimetry 2.6% lower than ion-
ization chamber dose determination (ECHED based). This group used a water
calorimeter described in Ref. [24], also operated at 4°C. A re-evaluation of the
results from Ref. [21] using the ECHED code of practice yields a ratio of
0.98 ± 0.01. The close agreement of the results from these groups indicated that
the recommended Wair value of 35.2 ± 4% J/C for protons was too high, and that
the use of the lower value of 34.2 ± 4% J/C recommended in TG 20 yields a bet-
ter agreement between ionometry and calorimetry. These calorimetry studies
confirmed the conclusions of the ionization chamber dosimetry comparisons of
adopting a uniform set of data and a common dosimetry protocol in order to
achieve consistency in the dose delivered to patients in all proton centres.

3. MODERN TRENDS IN THE DOSIMETRY OF
HEAVY CHARGED PARTICLES

3.1. Procedures based on standards of absorbed dose to water

The idea of using solid state detectors calibrated in terms of absorbed
dose to water for dose measurements in clinical proton beams was originally
proposed in Refs [25, 26]. For ionization chamber based dosimetry, the authors
of Ref. [27] extended the air kerma based formalism of the IAEA code of prac-
tice in Technical Reports Series No. 277 (TRS 277) [28] to proton beams, and
developed the formalism based on absorbed dose to water standards for these
type of beam, which was later adopted in TRS 398 [13]. The absorbed dose to
water under reference conditions in a clinical proton beam of quality Q, Dw,Q,
is given by:

DwQ = MQND,w,QokQ,Qo

(1)

where MQ is the chamber electrometer reading in the proton beam corrected
for influence quantities (temperature, pressure, etc.) and the subscript Qo indi-
cates the reference beam quality for the calibration of the ionization chamber.
The lack of standards in the field of proton dosimetry meant that ND,w,Qo, the
absorbed dose to water chamber calibration factor, had to be referenced to
60Co gamma rays. kQ,Qo is the beam quality correction factor that converts
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ND,w,Qo into the chamber calibration factor for a proton beam. In the definition
of kQ,Qo, sw,air is the water to air stopping power ratio for protons (Q) and a
60Co beam (Qo), respectively, and pQ and pQo are the ionization chamber per-
turbation factors at the qualities Q and Qo. Initial experimental determinations
of the factor kQ for clinical proton beams (kQ,Qo for the case in which Qo is
60Co) were reported in Ref. [29].

3.2. ICRU 59

The publication of ICRU 59 [12] represented the first attempt to harmo-
nize clinical proton dosimetry worldwide and included both 60Co air kerma and
absorbed dose to water based procedures. The practical problems associated
with the use of FCs and calorimeters were fully recognized in ICRU 59, and the
role of these methods in proton dosimetry was minimized, favouring the use of
ionization chamber dosimetry.

Follow the notation in ICRU 59, in which an ionization chamber calibrated
in terms of air kerma, NK, 4 is used, the absorbed dose to water in a proton
beam, Dw,p, is given by:

Dw,p = Mp
corrND,gCp (2)

where Mp
corr is the meter reading corrected for pressure and temperature, ion

recombination and all other quantities that can modify the chamber response
relative to the calibration condition, and:

(3)

where g is the fraction of secondary electron energy lost to bremsstrahlung,
swall,g is the mean ratio of restricted mass stopping powers from the chamber
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wall material to the gas for the secondary electrons, (men/r)air,wall is the mass
energy absorption coefficient ratio from the air to the wall for 60Co photons,
Awall is the correction factor for the absorption and scatter in the wall and
buildup cap, Aion corrects for ion recombination during 60Co calibration, Khum
corrects for the difference in response of a chamber filled with ambient air ver-
sus dry air, (wair)p and (Wair)c are the mean energies required to form an ion
pair in the chamber gas for protons and 60Co photons, respectively, and (sw,air)p
is the mean water to air stopping power ratio for protons. As in the ECHED
recommendations, an effective energy was used to select proton stopping
power data, adapted from the ICRU 49 report.

For the absorbed dose to water formalism (i.e. the case in which an ion-
ization chamber has a calibration factor in 60Co, ND,w,c), ICRU 59 provided a
simplified formalism, in which the absorbed dose to water was given by:

Dw,p = Mp
corr ND,w,ckp

(4)

ICRU 59 introduced some important changes in proton dosimetry, but
some controversy resulted (see Ref. [30] for a detailed discussion):

(a) A new value of 34.8 ± 0.7 J/C for (wair)p, for humid air, was adopted, which
was higher than the value derived from comparisons of calorimetry and
ionometry [22, 23]. Reference [31] indicates that the new value was in real-
ity “an ideal best guess near the global average of existing data”, which rep-
resented a compromise between the value from ICRU 31 [8] and the value
deduced from calorimetry and ionometry comparison results.

(b) Equation (4) for the beam quality factor was a simplification compared
with the expression previously proposed in Refs [25, 27] (compare Eqs (1)
and (4)), as it omitted chamber specific perturbation factors (kp thus
became independent of the type of ionization chamber used). Whereas
for proton beams this is a reasonable approximation, it ignores the cham-
ber perturbation factor for 60Co in the denominator of kp, which for some
chamber types is significantly different from 1.

(c) By adding explicitly a humidity correction in Eq. (3) and using a (wair)p
value for humid air, the resulting formalism became inconsistent, as other
factors (the chamber calibration, stopping powers, etc.) did not corre-
spond to the same situation.
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The impact of these aspects is discussed below. Upon the adoption of
ICRU 59 in multiple proton centres, international dosimetry using ionization
chambers calibrated in terms of NK and ND,w in 60Co showed a considerable
improvement in homogeneity, as expected. A comparison among various insti-
tutions, described in Ref. [32], resulted in agreements within ±0.9% for all par-
ticipants in the calibration of a common beam using their own instrumentation.
Results for NK calibrated chambers are given in Fig. 2. This homogeneity
encouraged the use of ICRU 59 worldwide for the calibration of clinical proton
beams. Compared with previous recommendations, the overall uncertainty of
ionization chamber dosimetry based on ICRU 59, uc(Dw), was reduced to 2.8%,
because of the uncertainty stated for wair.

ICRU 59 limited its recommendations to the use of thimble chambers
only, but subsequent studies [33, 34] extended these recommendations to par-
allel-plate ionization chambers, as they were often used in the calibration of
ocular therapy and radiosurgery proton beams. For example, Ref. [33] used the
data from ICRU 59, and different cross-calibration procedures were tested for
a Markus plane-parallel chamber, including that against a thimble chamber in
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FIG. 2. Results of the proton dosimetry comparison [27] using ICRU 59 with ionization
chambers having an NK calibration.



a proton beam.The agreement of this procedure versus the direct use of a thim-
ble chamber in a 100 MeV beam was within 0.4%.The authors of Ref. [34] com-
pared results obtained with a Markus chamber, based on ICRU 59, with an FC
in a 160 MeV proton radiosurgery beam, finding both techniques in agreement
within 4%. As the ionization chamber dosimetry with plane-parallel chambers
exhibited superior reproducibility than other techniques and allowed calibra-
tions even in regions of a large depth dose gradient or in a narrow spread out
Bragg peak, these studies provided support for the use of plane-parallel cham-
bers as a standard method in clinical practice, with the appropriate modifica-
tions of ICRU 59.

3.3. Dosimetry of light ion beams

Although the number of light ion beam radiotherapy facilities is still
small, and neither ECHED nor ICRU 59 made recommendations for absorbed
dose determination in ion beams, several dosimetry studies and dose compar-
isons, mostly performed with carbon beams [35–37], provided progress compa-
rable with that of proton beams.

The group at the Gesellschaft für Schwerionenforschung (GSI) applied
the absorbed dose to water formalism to the ionization chamber dosimetry of
carbon beams [35]. Based on the analysis of published data of Wair for different
particles they proposed the value of 34.8 J/C, recommended by ICRU 59 for
protons, for carbon beams as well as for all lighter fragments, down to protons.
As the water to air stopping power ratio does not depend considerably on the
particle type in the energy range above 1 MeV, Ref. [35] used the value of 1.13,
close to that of the ICRU for protons and alpha particles [7]. Studies of the dis-
placement of the effective point of measurement of a cylindrical chamber have
been made in Ref. [36], which find a value of 72% of the inner radius.

The group at the Heavy Ion Medical Accelerator in Japan applied the air
kerma based formalism of ICRU 59 to carbon beams and performed an ion
chamber dosimetry comparison [37] in a 290 MeV/nucleon carbon beam with
the GSI group, which used an absorbed dose to water formalism. The result of
this comparison yielded agreement within 1%, even if different basic data were
used. On the other hand, both groups estimated an uncertainty, uc(Dw), of 5%
in the dose determination and agreed to establish a standard protocol for carbon
beam dosimetry.

A comparison of different dosimetry methods in proton and light ion
beams is made in Ref. [38]. It is worth noticing that the results with a Markus
chamber (using the absorbed dose to water formalism of ICRU 59) were higher
than those of a fluence method (single particle counting) by several per cent,
thus being similar to the results reported by other authors [35, 37].
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3.4. TRS 398

TRS 398 [13], which is based on standards of absorbed dose to water for
external radiotherapy beams, includes recommendations for the calibration of
proton and heavy ion radiotherapy beams. In conformity with previous IAEA
codes of practice, TRS 398 adopted the most recent developments in the field
of ionization chamber dosimetry for these beams; this includes a thorough revi-
sion of the physical quantities involved in their dosimetry.

For protons,TRS 398 differs substantially from ICRU 59.A detailed com-
parison of the two recommendations has been made in Ref. [30], which pro-
vides a discussion of the source of the differences. Important from a numerical
point of view, these are the Wair value for protons, stopping power ratios and
chamber perturbation factors:

(a) The ratio of Wair values, protons to 60Co, differs by 2.3%, mostly due to
the procedure to determine a mean value for protons from the experi-
mental data available; about 0.6% of the difference is due to the concep-
tually different use of Wair values for humid air (ICRU 59) versus dry air
(TRS 398).

(b) The use in TRS 398 of the more accurate fluence averaged stopping
power ratios, which include nuclear interactions and secondary electron
production [14], results in a minor difference of 0.5%.

(c) Both protocols recommend that chamber perturbation factors in proton
beams be taken to unity, but TRS 398 includes perturbation factors for
60Co in the denominator of kQ.

When these components are taken into account, differences in kQ values,
and therefore in Dw, vary between –2.6% and +1.5%, depending on the chamber
type and proton beam quality. An experimental comparison of Dw determined
in 100 MeV and 155 MeV clinical proton beams using ICRU 59 and TRS 398 is
made in Ref. [39]. For various ionization chamber types the determinations of
Dw based on TRS 398 agreed within 1.5%. The differences between TRS 398
and ICRU 59, using the same set of chambers, were up to 3.1%, in conformity
with the remarks on Wair values and the chamber perturbation factors for 60Co
mentioned above.

Compared with previous recommendations, the estimated overall uncer-
tainty of ionization chamber dosimetry in TRS 398, uc(Dw), has been reduced
to 2.0% for thimble chambers and to 2.3% for parallel-plate chambers, because
of the stated lower uncertainty of Wair.

For the dosimetry of heavier ion beams the recommendations of TRS 398
are still based on approximate values for most of the physical parameters, since
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very few experimental and theoretical data are available on the spectral distri-
bution of ion beams and their fragmentation produced by nuclear interactions.
A constant value of 1.13 was adopted for sw,air, consistent with that proposed in
Ref. [35]. Recent Monte Carlo calculations [40] for 391 MeV/u 12C ions at
depths of 10 cm and 26 cm (for the plateau and Bragg peak front end) yield
values of 1.135 and 1.151, which are in good agreement with the sw,air value
recommended in TRS 398. Wair for ion beams was determined using the same
procedure as for proton beams, and until more information is available the
value of 34.50 J/C with a standard uncertainty of 1.5% is recommended for ion
beams. The TRS 398 estimated relative standard uncertainty, uc(Dw), is 3.0%
for thimble chambers and 3.4% for parallel-plate chambers.

4. RECENT AND FUTURE IMPROVEMENTS IN DOSIMETRY IN
REFERENCE CONDITIONS

Recent improvements in proton dosimetry have been focused on cham-
ber specific factors and perturbation effects. A systematic study of 17 thimble
ionization chambers [41] has derived perturbation factors (relative to an NE
2571 chamber), concluding that they are the same within 1% and within the
experimental uncertainty; this agrees with Monte Carlo calculated values [42].
The assumption made in TRS 398 that perturbation factors for plane-parallel
chambers are unity has recently been confirmed by measurements in a 75 MeV
proton beam [43]. Currently it is not possible to resolve the departure of per-
turbation factors from unity, owing to the experimental uncertainties of the
data [41]. A systematic study using Monte Carlo calculations may possibly
improve the accuracy of the calibration of proton and light ion beams. The lack
of primary standards of absorbed dose to water for proton and light ion beams
makes the availability of an experimental kQ,Qo a rather distant possibility, and
in the foreseeable future possibly only calculated values of the beam quality
factors will be used.

The adoption of TRS 398 by proton and light ion therapy facilities will
allow them to achieve consistency in the dose delivered to patients and to
establish ionization chamber dosimetry in reference conditions at a level con-
sistent with that of high energy photon and electron beams. Key steps in this
process will be testing the procedures recommended in TRS 398 for clinical
proton and light ion beams with different ionization chambers, and comparing
the results obtained with the existing protocols.
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Abstract

The spot scanning technique is used at the Paul Scherrer Institute to treat tumours
with proton pencil beams with energies of up to 270 MeV. The calibration of the main
dose monitor is described in the paper. The doses measured with different ionization
chambers are consistent when using the IAEA code of practice in Technical Reports
Series No. 398. The dosimetric procedures for quality control are presented and results
to illustrate the reliability of the dose delivery are shown.

1. INTRODUCTION

Owing to the physical properties of protons, which result in a high dose
peak in a well defined range and no dose behind this Bragg peak, proton beams
are an excellent tool for radiation therapy. The irradiation facility at the Paul
Scherrer Institute (PSI) is designed for the treatment of deep seated tumours with
a proton beam with an energy of up to 270 MeV [1].The spot scanning technique,
which uses a proton pencil beam to deposit dose into the patient in three dimen-
sions, is performed on a compact isocentric gantry. An optimal three dimensional
conformation of the dose distribution to the target volume can be realized.

The beam is deflected by a fast magnet in one direction; the range of the
protons in the second direction is modified with a set of 40 range shifter plates,
which can be put into the beam one by one.The movement in the third direction
is performed with a linear motion of the patient table. The dose is delivered as
a superposition of discrete dose spots, with the beam being shut off for the
movement to the next spot position. A fast magnetic beam kicker with a rise
time of 50 ms is used to stop the beam between the spots. The steering system is
based on two independent processors to steer the treatment and check the dose
and position of each spot, based on two separate data tables provided by the
therapy planning system. The gantry can be rotated over 360º, and for head
irradiations the patient table can be rotated over ±120º. This enables a large
choice of field incidence directions on the patient.
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The most pronounced advantages of the PSI scanning method are that:
(a) the system can deliver complex shaped dose distributions without the use of
patient specific hardware; (b) the scanning can be used with inverse planning algo-
rithms; (c) the scanning is Cartesian; and (d) the discrete scanning method is safe.

The dose delivery is controlled by a grid type ionization chamber, with
two parallel-plate ionization chambers used as redundant monitors.The monitors
are placed at the exit of the 90º bending magnet, before the range shifter.

2. CALIBRATION OF THE PRIMARY MONITOR

2.1. Primary monitor

Until 2000 a parallel-plate ionization chamber monitor with a 0.5 cm gap
between Mylar foils was used as the main monitor. However, this monitor,
which had a window size of 2.5 cm × 20 cm, was sensitive to the range shifter
noise and produced microphonic effects. To overcome this problem a grid
chamber type monitor has been developed and tested. In the grid chamber the
beam passes parallel to the ion collection plates. A grid placed in front of the
anode shields the anode from induction produced by positive ions.A guard ring
electrode is placed around the anode in order to get a uniform electric field
over the whole range of the swept beam. The monitor is operated under a
continuous nitrogen flow. The resulting charge collection time is faster than
100 ms. Since the beam period of 2001 the monitoring has been based on the use
of the grid monitor.

The PSI therapy planning system calculates the dose distribution from a
superposition of individual pencil beams, taking into account the density infor-
mation from the corresponding computed tomography (CT) slices. An empirical
model of the pencil beam is used, which takes into account the attenuation of the
primary protons, the effects of multiple coulomb scattering and losses due to
nuclear interactions.The therapy planning can predict absolute doses on the basis
of this model and on parameterization data in data tables. The primary monitor
has therefore been calibrated in terms of protons per monitor units (MUs).

2.2. Calibration procedure 

During the calibration the volume of 10 cm × 10 cm × 10 cm is filled with
scanned beams to deliver a dose of 1 Gy. A reference ionization chamber is
placed in a water phantom and the dose is measured in the centre of the field
at a residual range of 5 g/cm2. As the dose model is able to predict the number
of protons per gray required for any dose field, the monitor calibration
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derived in the calibration procedure is valid as a global factor for one
energy.

The reference dosimeters used are thimble ionization chambers with a
60Co calibration factor in terms of absorbed dose to water provided by the
Swiss Federal Office of Metrology and Accreditation (METAS), a secondary
standards dosimetry laboratory. Two reference systems with a calibration from
the federal dosimetry laboratory are available:

(a) An Exradin T2 chamber, 0.5 cm3 with an A150 wall and a PTW Unidos
electrometer;

(b) A Farmer NE 2571 chamber, 0.6 cm3 with a graphite wall and a Farmer
NE 2570/A electrometer.

The absolute dose to water was calculated using the recommendations in
ICRU Report 59 [2]. The ratio between the nominal dose value predicted by
the therapy planning and the measured dose was then input as a correction fac-
tor in the dose calculation procedure of the therapy planning.To get a second and
independent fluency calibration of the primary monitor, a Faraday cup was
built in house. The cup, which has a diameter of 12 cm, was made of copper and
has a guard ring and a magnetic field to minimize secondary electron effects.
The charge produced by a proton pencil beam within the Faraday cup was mea-
sured and a second monitor calibration was calculated.

2.3. Results

Table I shows the results of the two calibration procedures of the beam
monitor (in protons per MU) at different energies of the incident protons. The
one sigma standard deviation (SD) of the Faraday cup and ionization chamber
data is 0.5%. The ionization measurement was carried out with the Exradin T2
reference chamber. The measurements show a good agreement, with a varia-
tion of the order of 1% between the two methods. This is mainly due to the fact
that a small uncollimated pencil beam is used; in addition, there is no require-
ment to know the beam area in the Faraday cup.

The ICRU recommendations were used at the PSI for dose determination
up to 2001. The doses measured with the two reference systems, however,
differ by more than 2% unless a chamber perturbation correction for the
NE 2571 60Co calibration is applied; this modification is recommended in Ref. [3].

The IAEA code of practice in Technical Reports Series No. 398 (TRS 398)
[4] takes into account this chamber specific correction in the quality factor kQ
and introduces Wair, based on a detailed analysis of the available data. It was
therefore decided to use the IAEA recommendations in 2002.
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Table II shows dose measurements carried out in 2002 using the two PSI
reference chambers. The data taken at the residual range (Rres) and calculated
using TRS 398 are very consistent: the dose values are within 0.3%. The same
measurements calculated in accordance with the ICRU recommendations illus-
trate the difficulties that this protocol has with different ionization chambers:
the dose shift due to the protocol change is approximately 1%.

All the monitor calibration data have been measured using a water phan-
tom, as is recommended. However, as some of the quality assurance measure-
ments were carried out in a Perspex phantom, it was of interest to find out the
effect of these phantom materials on dose measurements. The effect on the
dose measured in the centre of a 10 cm × 10 cm × 10 cm field when as much as
24 cm of water (214 MeV) was replaced by the corresponding amount of
Perspex was less than 0.5%. A large calibration dose field is used, so as not to
be sensitive to the size of the halo produced by nuclear reaction products in the
centre of the field. Care must be taken when using only small fields or pencil
beams, as has been shown in Ref. [5].

3. PROCEDURES FOR QUALITY CONTROL 
IN SCANNED BEAM DOSIMETRY

A precise and safe application of the spot scanning fields requires an
extensive and regular check of the whole irradiation system. The dosimetric
procedures introduced to check that the dose delivery is accurate in both dose
and location are described below.

3.1. Yearly procedures

The yearly procedures include a check of the beam characteristics of each
beamline tune, a calibration of the whole dosimetry system and a check of the

CORAY et al.298

TABLE I. MEASURED MONITOR CALIBRATION DATA FOR FOUR
PROTON ENERGIES

Proton energy Faraday cup Ionization chamber Ratio Faraday cup/
(MeV) (protons/MU) (protons/MU) ionization chamber

138 6555 6473 1.012
160 7333 7333 1.00
177 7921 7984 0.992
214 8983 9136 0.983



performance of the scanning system in terms of dose linearity and dose rate
dependence. Doses are measured with a thimble ionization chamber placed in
the centre of a geometrical field. The relative deviation as planned versus the
measured dose is less than 0.5% in the dose range of 0.2 Gy to 10 Gy. Changing
the dose rate by a factor of three results in a deviation from the nominal dose
of less than 1%.

3.2. Half-yearly procedures

The calibration of the main dose monitor is checked every half-year using
the reference ionization chamber. In addition, also at a half-yearly interval, the
phase space of the beam tunes is measured, using a fluorescent screen placed
at various distances from the nozzle and a charged coupled device (CCD)
camera to look at the screen.

3.3. Weekly procedures

Once a week one patient irradiation field is applied to a stack of Perspex
plates with X ray films in between. This allows a qualitative three dimensional
check of the outline and range of the dose distribution.

3.4. Daily procedures

The daily quality control of the system takes about 30 min. This includes
the machine set-up, safety and system tests and a dosimetry quality assurance
procedure with the following steps:
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TABLE II. ABSORBED DOSE TO WATER, MEASURED USING TWO
DOSIMETERS

ICRU Report 59 TRS 398 
Energy Rres
(MeV) (g/cm2) Exradin T2 NE 2571 Exradin T2 NE2571

(Gy) (Gy) (Gy) (Gy)

138 5 1.016 0.992 1.004 (SD 0.2%) 1.003 (SD 0.1%)
3 — — 0.996 (SD 0.3%) 0.993 (SD 0.1%)

177 5 1.008 0.982 0.992 (SD 0.4%) 0.993 (SD 0.1%)
7 — — 0.993 (SD 0.3%) 0.993 (SD 0.1%)



(a) The measurement of the dose rate and monitor ratios of the pencil beam.
(b) A check of the performance of the beam position monitors. The beam

position is measured with two orthogonal strip ionization chambers
placed behind the dose monitor chambers.

(c) The measurement of a depth dose curve of a pencil beam using a parallel-
plate, 8 cm diameter chamber. The depth is modified using the range
shifter plates. The measured range is within 0.5% (SD) of the nominal
range.

(d) The measurement of the dose when a geometrical proton field is applied
using the scanning system. The dose is measured with Exradin T2 cham-
bers, one in the centre of the field and one at the distal fall-off.

Figure 1 shows the daily measured doses in the centre of a homogeneous
volume of 6 cm × 6 cm × 6 cm during the last beam period. The energy and the
gantry angle (–90º, 0º, 90º) are regularly swapped. The data taken from the last
beam period are very reproducible and stable and exhibit an SD of less
than 1%.
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FIG. 1. Dose measured daily in the centre of a 6 cm × 6 cm × 6 cm box.
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3.5. Procedures before first delivery

Before the first delivery of a new field to the patient, the dose distribution
is checked, using a water phantom with an array of ionization chambers. The
thickness of the water column can be set to the required depth of measurement.
The array is made of a cross of 2 × 13 cylindrical ionization chambers (0.08 cm3).
The water phantom is irradiated, using the same steering data as for the patient
treatment. The measured dose profiles are then compared with the dose distri-
bution recalculated by the therapy planning system when using a homogeneous
medium instead of the patient CT data.

Figure 2 shows two orthogonal dose profiles taken during a routine
patient verification. The solid line represents the calculated profile, the crosses
show the measured doses. The routine dosimetry with ionization chambers
agrees well with the expected dose from the therapy plan. The overall dose
error for one year is 0.7% (SD 2%). Some minor systematic effects, due to
nuclear reactions in the range shifter plates, have been observed for small
fields.

The PSI CCD based dosimetry system, which uses a scintillating screen,
has been used to study complex dose distributions and details of the pencil
beam scanning.This experience has shown that this two dimensional device has
an excellent position resolution and that a precise and fast overview of the
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FIG. 2. Verification of patient treatment. The calculated orthogonal dose profiles
and the data points measured using the cross-array are plotted.
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three dimensional dose distribution is possible. A small correction for the
quenching effect of the scintillator is applied. It is planned to use this instru-
ment in the future at the PSI for routine dosimetry, together with a built-in
ionization chamber to provide an absolute calibration of the dose profiles.

4. CONCLUSIONS

TRS 398 has been used for dosimetry on the scanned proton beam at the
PSI. The formalism was used for two ionization chambers made of completely
different materials and has given identical results. The implementation of regu-
larly repeated dosimetry intercomparisons within the proton user community
would increase the consistency in absorbed dose delivered and be of a benefit
for all patients. The method of the dosimetric verification of patient plans used
at the PSI is time consuming and gives only a limited view of a dose distribu-
tion. The authors are still looking for a simple and reliable way to acquire the
whole three dimensional information in one go.
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Abstract

A radiotherapy unit using a scanned 12C beam and an active energy variation of
the synchrotron has been in operation at the German heavy ion research centre (GSI)
since 1997. A code of practice for carbon ions was developed at the Deutsches
Krebsforschungszentrum (DKFZ) for the clinical dosimetry of thimble ionization
chambers calibrated in terms of dose to water, and a kQ factor for 12C was derived,
which was very similar to the new IAEA code of practice in Technical Reports Series
No. 398 (TRS 398). The differences in measured doses using both codes of practice are
below 0.8% for Farmer type chambers. A conceptual difference arises from the
reference conditions for dosimeters. A reference depth of 7 mm in a plastic material in
a monoenergetic beam is used at the GSI. This eliminates a number of uncertainties
arising in measurements within the dynamically generated spread out Bragg peak of
carbon ions. Measurements also indicate that the saturation correction discussed in TRS
398 for ions is not always well suited. In the near future TRS 398 will be implemented
at the German ion therapy facility, although with small adaptations.

1. INTRODUCTION

A radiotherapy unit using a 12C beam started treating patients at the
German heavy ion research centre, the GSI (Gesellschaft für
Schwerionenforschung), in December 1997.A magnetic beam scanning system is
used for beam shaping, together with an active variation of the synchrotron
energy [1], which enables a three dimensional modulation of the dose in the tar-
get to be achieved. For the purpose of clinical dosimetry a code of practice (CoP)
for carbon ions was developed at the Deutsches Krebsforschungszentrum
(German cancer research centre, DKFZ). This CoP was developed for thimble
ionization chambers calibrated in terms of dose to water and incorporates most
of the suggestions made in the IAEA code of practice in Technical Reports Series
No. 398 (TRS 398), which covers heavy ion beams.There are, however, a number
of differences, which are outlined in this paper.
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2. DOSIMETRIC APPROACH USED CURRENTLY AT THE GSI
RADIOTHERAPY FACILITY

The CoP developed at the DKFZ for carbon ions [2] is based on the use
of thimble type ionization chambers calibrated in terms of dose to water in a
field of 60Co gamma rays (ND,w,Co60). The calibration can be traced to the
Physikalisch-Technische Bundesanstalt (PTB).

The absorbed dose to water at the effective point of measurement, Peff, of
the chamber in an ion beam is determined by:

Dw(Peff) = McorrND,w,Co60kQ

where Mcorr is the dosimeter reading M, corrected for changes in air density, pr,
incomplete saturation, psat, and polarity effects of the chamber, ppol:

Mcorr = Mpr psat ppol

The calibration factor, ND,w,Co60, is given by the manufacturer. kQ is a
chamber specific factor that corrects for the different beam quality of 12C ions
and the calibration quality (60Co). This formulation followed a suggestion by
Medin et al. [3] and is in accordance with TRS 398.

2.1. Correction factors

2.1.1. Correction for air density

The correction for air density is derived using a radioactive check source
(90Sr). From the ratio of the measured charge given in the certificate of the
chamber, MK, and the measurement at the actual date, Mm, and a decay factor
for the radioactive decay of the check source in the time, t, elapsed between the
certification and measurement, the correction is:

The resulting correction is then identical to the one given in TRS 398
using direct measurements of temperature and pressure.

2.1.2. Saturation and polarization correction

Although a pulsed and scanning beam is used at the GSI, it was assumed
that the correction method for continuous radiation applied, owing to: (a) the
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slow accelerator extraction mode, which has pulses of about 1 s duration; and
(b) the scanning keeping the beam stable at each spot for several milliseconds,
which is far more than the average transit times of the ions in the chamber.

Measurements of the saturation effects were performed at voltages of
between 50 V and 400 V. Figure 1 shows the results for the Farmer chamber
at 100 MeV/u (MeV per nucleon) energy, using a flux of 108 s–1. The chambers
were placed at a depth of 7 mm, where the linear energy transfer (LET) was
300 MeV/cm. The data are well described by a quadratic fit, which leads to the
conclusion that the conditions for continuous radiation are met. The deter-
mined saturation corrections for the Farmer, Wellhöfer IC 03 and Exradin T1
chambers were all very small (£0.2%). Using the formula for pulsed radiation,
as suggested in TRS 398, psat is around 1.01 for the Farmer chamber.

To investigate the effect of initial recombination, a Roos chamber was
irradiated using different angles between the chamber and the beam (250 MeV/u,
LET = 150 MeV/cm). The resulting saturation correction at this moderate LET
is consistent with unity within the uncertainties of the measurement. The mea-
sured polarity corrections for thimble chambers are also consistent with unity.

2.1.3. Effective point of measurement

The effective point of measurement for thimble type chambers was
determined [4] by a comparison of measured depth dose curves for a Farmer
chamber and a plane-parallel chamber (Markus chamber), for which it was
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FIG. 1. Data for the saturation effect (Farmer chamber M30001-1023).

1/
M

1.4

1.3

1.2

1.1

1.0

0.9
0.000 0.005 0.010 0.015 0.020

1/U (1/V)

Measured data 
Linear fit
Quadratic fit



assumed that the point of measurement of the plane-parallel chamber was
known. The resulting depth dose for the thimble chamber was calculated using
an averaging of depth dose values over the curved inner surface of the cham-
ber. The resulting Peff was 0.72 of the inner radius of the chamber, with an
uncertainty of 10%. TRS 398 suggests a value of 0.75 of the inner radius.

2.2. kQ values 

As in TRS 398, the kQ factor was calculated theoretically in accordance with:

which is a product of the ratios of the w values, the stopping power ratios water
to air and the chamber specific perturbation factors for 12C and 60Co, respec-
tively. The calculation of the stopping power ratio has to take into account not
only the fluence of primary carbon ions but also the fragments that arise from
nuclear interactions (mainly target fragmentation with Z = 1–5), and also their
energy distribution. It was found in Ref. [2] that for energies above 10 MeV/u
an average constant value of 1.13 can be used. This leads to an uncertainty in
dose determination of below 2%.

The w value in Ref. [2] was adopted from an International Commission on
Radiation Units and Measurements recommendation for protons of 34.8 eV [5].
A compilation of the available data for protons, alpha particles and ions leads to
an uncertainty in dose of 4%, if this value is also adopted for 12C ions [2].

The perturbation factor, p, for the different beam qualities includes all
departures from ideal Bragg–Gray detectors (i.e. the correction for cavity
effects, the displacement factor, and the effects from the chamber wall and cen-
tral electrode). The value of pCo60 in Ref. [2] was adopted from Refs [6, 7] and
accounts for the cavity and wall correction factors for 60Co radiation. The cor-
rections for the central electrode and the displacement were taken to be unity.
The combined correction of cavity effects and the effects of the chamber wall
and central electrode for a Farmer chamber in a 12C ion beam were set to unity,
since no data exist that indicate a significant deviation from unity. Since this
assumption is made for protons [3], it is justified also for heavy ions, for which
the range of secondary electrons is even shorter. A displacement correction is
not necessary for ions, as the depth of reference is replaced by the effective
point of measurement.
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2.3. Calibration procedure and reference conditions

The depth dose distribution can be actively modulated at the GSI by the
use of an energy variation of the synchrotron, and a spread out Bragg peak
(SOBP) is produced from a superposition of many energies with different
weights. The weights are optimized individually for each field in order to
achieve a homogeneous biological effect in the target volume.The SOBP there-
fore looks different at every scan point in every field. The plateau region of the
depth dose was consequently chosen as the reference depth for dosimetry. The
beam monitors are then calibrated in terms of particle number at different
energies.As a reference, the measurement is performed with a Farmer type ion-
ization chamber (a PTW M30001) in a water equivalent phantom material
(PTW RW3) at a depth of 7 mm. The phantom is positioned in the isocentre
and irradiated with a 5 cm × 5 cm scanned field.

3. DOSE MEASUREMENTS 

Differences in dose measurements arise mainly with the different CoPs
from the values of kQ and the saturation correction, psat. Doses measured in an
SOBP will depend crucially on the validity of the calibration performed in the
plateau. Measurements were performed with different Farmer chambers in the
plateau region using a 250 MeV/u carbon ion field of 5 cm × 5 cm size, with the
chambers positioned at a depth of 7 mm. The Exradin T1 was used in addition
for the SOBP measurement, for which the measuring depth was 12 cm in the
centre of a 5 cm SOBP. To test the influence of the phantom medium, the mea-
surement in the SOBP was repeated in water with the waterproof Farmer
chamber using a depth scaled with the range. The results obtained with the two
CoPs are shown in Table II.
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TABLE I. COMPARISON OF THE DIFFERENT NUMERICAL VALUES
USED IN THE CALCULATION OF kQ FACTORS FOR THE FARMER
CHAMBER M30001 IN REF. [2] AND TRS 398

Parameter
(w/e)C12 (w/e)Co60

s–C12
W,L (L

–
/r)Co60

W,L pC12 pCo60 kQ
(J/C) (J/C) (M30001) (M30001)

Ref. [2] 34.8 [5] 33.77 [5] 1.13 [8] 1.133 [6] 1.0 0.994 [7] 1.034

TRS 398 34.5 33.97 1.13 1.133 1.0 0.982 1.031



4. DISCUSSION

4.1. Comparison between the procedures

Since the CoP presented in Ref. [2] was developed from a suggestion by
Medin et al. [3] and Vatnitsky et al. [6], it is nearly identical to TRS 398.
Differences arise mainly from the numerical values for the calculation of kQ
and from the saturation correction, psat. Other differences are more conceptual,
such as the chosen reference conditions.

The relative deviation of the numerical value of kQ for the Farmer cham-
ber (M30001) in Ref. [2] and in TRS 398 is only 0.3%. This small difference,
however, results from a cancellation of differences in the w value and the per-
turbation factor, pCo60. The value of pCo60 = 0.982 in TRS 398 is dominated by
the value of the displacement correction of 0.988, while the combined wall and
central electrode perturbation factor is 0.994 (the cavity perturbation factor is
unity). The value of pCo60 = 0.994 in Ref. [2] does not include a displacement
correction.

The differences in measured doses are below 1% for the Farmer chamber,
for which the slightly smaller value of kQ in TRS 398 is partially compensated
by a larger value for psat. The difference for the Exradin T1 is nearly 3%, which
is due to the different values for pCo60 (0.992 in Ref. [7] versus 1.005 in TRS 398).
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TABLE II. COMPARISON OF DOSES OBTAINED WITH DIFFERENT
CHAMBERS IN THE PLATEAU REGION (250 MeV/u) AND IN A 5 cm
SOBP OBTAINED WITH THE TWO CoPs

Energy = 250 MeV/u, plateau Centre of the SOBP, 12 cm depth

PTW PTW PTW PTW PTW PTW Exradin 30006
30001 30002 30006 30001 30002 30006 T1 in water

TRS 398 1.005 1.0 0.991 1.002 0.989 0.985 0.991 1.000

Ref. [2] 1.000 1.012 0.999 0.998 0.985 0.980 1.02 0.995

TRS 398/ 1.005 0.988 0.992 1.004 1.004 1.005 0.972 1.005
Ref. [2]

Note: The data were taken in RW3 water equivalent material (for the plateau), PMMA
(polymethylmethacrylate) (for the SOBP) and water (data in the last column).The values
in the plateau are normalized to the PTW 30002 for TRS 398.



The dose in the SOBP was calculated to be 1 Gy, using the calibration in the
plateau region. The measured doses are thus a measure of the quality of this
calibration. The measured doses for the Farmer chamber agree within 1.5%
with this value. The dose measured in water is 1.5% higher than in the PMMA
phantom and deviates only 0.5% from the calculated dose. This difference of
1.5% in dose measured in water and PMMA may be due to fluence variations,
which were not considered.

4.2. Conclusion and outlook

The suggested reference conditions for heavy ion beams in TRS 398 are
to measure in water in the centre of an SOBP. This is suitable for a facility with
passive range modulation, but not for an active modulation system, for which
the shape of the SOBP differs at each scan spot of each patient. Furthermore,
additional uncertainties are introduced if the SOBP is a superposition of a
finite number of fixed energy beams with different intensities. Owing to the dis-
crete energies and variations in the intensities, such an SOBP is never absolutely
continuous and reproducible. Furthermore, the dosimetric uncertainties in the
SOBP, with its mixture of energies and low and high LET components, are larger
than in the entrance region. Also, the fluence corrections for a plastic material
should decrease with smaller depths of measurement, as observed for protons
[9]. The authors therefore think that measurements in a plastic material in the
entrance region of the depth dose are suitable as a reference for an active beam
delivery system.

Another difference between TRS 398 and the approach the authors have
taken is in the handling of saturation corrections. In contrast with TRS 398, the
authors do not think that the conditions for a pulsed scanned beam are fulfilled
for the GSI scanned beam.The measurements match better with the conditions
for a continuous beam. Furthermore, initial recombination does not necessarily
play a role, even for a plane-parallel chamber, as was demonstrated by mea-
surements with only moderate LET values.

The authors will certainly apply the recommendations of TRS 398 for
carbon ions in the near future for dosimetry at the German carbon ion facility;
the reference conditions chosen in Ref. [2], however, will be kept. Further
systematic studies will be performed on the recombination effects.

To improve the knowledge of w values for ions, measurements are cur-
rently being performed by the GSI. First measurements resulted in a prelimi-
nary value of 34.2 J/C, with an uncertainty of 3% [10] for carbon ions at an
energy of 7.6 MeV/u. Ionization chamber dosimetry will also be checked
against a water calorimeter run by the PTB.
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Abstract

A four centre proton dosimetry intercomparison was performed at the Paul
Scherrer Institute on the OPTIS 63 MeV clinical beam in order to compare results for
four Markus ionization chambers and six cylindrical chambers. The local reference
ionization chambers had calibration factors obtained either directly from a standards
laboratory or by a cross-calibration against a secondary standard chamber, traceable to
an accredited standards laboratory. The absorbed dose to air chamber factors for the
Markus chambers, Npp

D,air,Qo, were obtained by comparison with reference chambers in
high energy electron or 60Co beams. The proton dosimetry comparison was performed
in two proton beam conditions: at full incident energy (corresponding to the entrance
dose of the pure Bragg peak) and at a depth of 15 mm in a fully modulated beam. The
International Commission on Radiation Units and Measurements Report 59
recommendations were extended to parallel-plate chambers to derive the absorbed
dose to water. The results showed a standard deviation of less than 1% for both beam
conditions for all chambers, and a maximum difference of approximately 3%. The
Markus chamber group, however, showed a difference in the mean dose of
approximately 1.1% from the thimble chamber group, for both beam conditions.

1. INTRODUCTION

One of the most successful treatments with proton beams is their use on
tumours of the eye, especially choroidal melanomas [1] . Clinical proton beams
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used for this treatment are characterized by their short range (less than 35 mm),
steep dose gradients (1–2 mm distal, 1.5–3 mm lateral at 90–10% dose) [2],
relatively narrow fields (diameter smaller than 30 mm) and high dose rates
(10–40 Gy/min). Proton dosimetry protocols [3–5] suggest that small volume
cylindrical ionization chambers, including the Far West Technology (FWT)
IC-18 and the Exradin T1 chambers, may be used for the calibration of eye
therapy beams. The caps of these chambers are, however, made of A150, a
hygroscopic material, and the relatively large volume limits their use in smaller
fields and at modulation depths (the constant dose region created by the spread
out Bragg peak).

The treatment of small posterior tumours and superficial iris lesions,
which requires very restricted modulations, has posed a particular measure-
ment problem (Fig. 1). The design of parallel-plate Markus chambers makes
such chambers eminently suitable for proton beams, since their thin windows
permit measurement at surfaces and near steep depth dose gradients. Parallel-
plate chambers are also unlikely to be subject to perturbation effects. Proton
dosimetry protocols [3–6], however, do not offer methods for the calibration of
parallel-plate chambers in proton beams (this study was performed prior to the
publication of Ref. [7]).The objective of this work was to compare the absorbed
dose to water values for cylindrical and parallel-plate chambers. To perform
such a comparison the International Commission on Radiation Units and
Measurements (ICRU) Report 59 recommendations were extended for parallel-
plate chambers using the formalism proposed by Medin et al. [8]. Each
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FIG. 1. Typical proton depth doses for eye therapy (at the CCO).
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participating centre used different measurement techniques to obtain
absorbed dose to air calibration factors, Npp

D,air,Qo, for the Markus chambers.

2. MATERIALS AND METHODS

2.1. Reference calibration of chambers used in the study

The Markus chambers are of the PTW M23343 (or NE 2534D) type. The
0.055 cm3 nominal sensitive volume is enclosed by a graphite coated CH2 win-
dow (which has a diameter of 6 mm and a thickness of 0.0023 g/cm2). The col-
lecting electrode has a diameter of 5.4 mm. Details of the cylindrical chambers
used in this study are given in Refs [4, 9]. The Clatterbridge Centre for
Oncology (CCO) and the Terapia con Radiazioni Adroniche (TERA) used
Keithley 617 and 6517 electrometers, respectively, while the Paul Scherrer
Institute (PSI) and the Istituto Nazionale di Fisica Nucleare Laboratori
Nazionali del Sud (INFN-LNS) used PTW Unidos 10001 instruments. The
Markus chambers were biased at +300 V (the CCO used +270 V).

Each centre had at least one cylindrical chamber calibrated in terms of air
kerma and traceable to an accredited standards laboratory, as summarized in
Table I. The PSI and INFN-LNS cylindrical chambers were calibrated by the
PTW in a 60Co beam. The CCO and TERA calibrated their cylindrical
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TABLE I. METHODS OF CROSS-CALIBRATION FOR MARKUS
CHAMBERS

PSI CCO INFN-LNS TERA

Reference PTW 30001 NE 2561 PTW 30001 NE 2561
cylindrical 
chamber

Traceability PTW-Freiburg National PTW-Freiburg LMRId

Physical 
Laboratory

Methoda 60Co, in air 60Co, in a Electrons, 20 MeV, Electrons, 20 MeV,
phantomb in a phantomc in a phantomc

a Method for calibrating a Markus chamber in a reference beam [9].
b In polymethylmethacrylate (PMMA) at a depth of 5 cm.
c In water or PMMA at the reference depth.
d Laboratorio di Metrologia delle Radiazioni Ionizzanti.



chamber against a secondary standard in a 60Co beam. The Nk values for cylin-
drical chambers were converted to absorbed dose to air factors, ND,air, using
chamber dependent parameters described in Technical Reports Series No. 277
[4].The Markus chambers were cross-calibrated against cylindrical chambers in
60Co and high energy electron beams, as shown in Table I.

The absorbed dose to water in the clinical proton beam, Dw,Q, is related
to the absorbed dose to air chamber air factor, Npp

D,air,Qo, determined at a refer-
ence quality beam, Qo, as follows [8, 9]:

(1)

where

(sw,air)Q is the water to air proton stopping power ratio in the user’s beam;
MQ is the electrometer charge reading per monitor unit (MU), with influ-

ence corrections;
pQ is the the product of the proton perturbation factor.

pQ values were set to unity in this study, as suggested in Ref. [8]. The values of
the physical parameters in Table II were obtained from Ref. [3].

2.2. Proton beams

2.2.1. Paul Scherrer Institute OPTIS proton therapy beam

The clinical beam was provided directly by a 72 MeV proton injector
cyclotron, which is analysed effectively by two large bending magnets [1]. An
upstream copper scattering foil limits the beam current, which is further scat-
tered by a lead foil as it enters the treatment room, in order to provide beam
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TABLE II. VALUES OF PHYSICAL
PARAMETERS USED IN PROTON
DOSE CALCULATIONS

WCo,air Wproton,air sw,air,40MeV

33.77 J/C 34.8 J/C 1.134

pp
, ,air, air air ,air( ) /( ) ( )w Q Q D Qo Q Qo w Q QD M N W W s pÈ ˘= Î ˚



homogeneity. Thus a nominal 63 MeV full energy proton beam and a 61.5 MeV
fully modulated beam were available for the two irradiation conditions (Fig. 1).

2.3. Irradiation procedures

The chambers were irradiated at the isocentre, at a distance of 50 mm from
a copper ovoid collimator (26 mm × 32 mm) that defined the beam area.
Approximately 10 Gy was delivered in 5 s.All chambers were placed in the treat-
ment room several hours before the irradiation.The beam area was scanned with
a diode, laterally and vertically, to ensure dose homogeneity prior to each irradi-
ation condition. Four proton measurements per chamber were made.

2.3.1. Ionization chamber positioning

In order to confirm the spatial position of the chambers, Polaroid X ray
films were exposed, using the patient positioning X ray sets, which enabled a
positional reproducibility better than 1 mm. The Markus and FWT chambers
were fitted into custom made PMMA holders for easier handling. The Markus
waterproof caps (0.87 mm PMMA) were retained for the full energy irradia-
tions, to approximate the cap thickness of the thimble chambers; no further
corrections were made. The chambers were positioned in the fully modulated
beam by the use of preabsorbers of 14.2 mm and 15 mm of PMMA for the
thimble chambers and Markus chambers, respectively. No cap was placed on
the Markus chambers when using the fully modulated beam.

2.4. Other chamber factors

The polarity correction factor [10], ppol, was measured as 1.012 and 0.995
for the TERA and CCO Markus chambers, respectively, but was considered to
be 1.000 by the PSI and INFN-LNS. The factors ppol for the cylindrical cham-
bers were found to be less than 0.2%. The proton saturation correction, ps, was
measured to be less than 0.2%, and thus was considered negligible for all the
chambers.

3. RESULTS AND DISCUSSION

The proton dose determination results are shown in Table III. The differ-
ences between the maximum and minimum dose readings, Dmax, for the ten
chambers were 3.2% and 2.7% for the unmodulated and modulated beams,
respectively. The standard deviation was less than 1% for both irradiation
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conditions. These values are of the same order as a previous large scale inter-
comparison [11]. Each participating centre estimated the reproducibility of
proton beam measurements better than 0.2%. The results are further summa-
rized in Fig. 2 and Table IV. The standard deviations for each group of cham-
bers and each irradiation condition were 1.06% or less, with maximum
differences between 2.7% and 0.8%. The main observations are that: (a) the
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FIG. 2. Summary of comparison between groups of chambers for (a) modulated and
(b) unmodulated proton beams.The bar length represents the standard deviation of an ion-
ization chamber group and the centre of the bar indicates the mean per cent dose value.
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standard deviation between the measurements appears to be less than Dmax;
and (b) for both proton beam conditions the mean dose results are appro-
ximately 1% higher for the Markus chamber group than for the cylindrical
chambers.

It is known that small volume chambers are more susceptible to slight
beam inhomogeneities, such as tungsten cross-wires in the beam, than larger
volume cylindrical chambers. Small differences in the positioning on the beam
axis between Markus and cylindrical chambers were considered negligible [12].
It is suggested that: (a) the metal cross-wires, which are a feature of eye therapy
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TABLE III. INTERCOMPARISON DOSE RESULTS FOR MODULATED
AND UNMODULATED PROTON BEAMS

Chamber type
Centre (country)

Unmodulated beam Modulated beam
and number (cGy/1000 MU) (cGy/1000 MU)

Markus No. 1036 PSI (Switzerland) 1015 1007.2

Markus No. 1916 CCO (United Kingdom) 1027.7 1003.4

Markus No. 2485 INFN-LNS (Italy) 1030 999.2

Markus No. 2824 TERA (Italy) 1038 1005

Exradin T1 No. 218 INFN-LNS (Italy) 1018 983

Exradin T1 No. 999 TERA (Italy) 1009 985

PTW 30001 No. 1371 PSI (Switzerland) 1015 1001.1

PTW 30001 No. 1384 INFN-LNS (Italy) 1026 991.4

FWT (IC-18) No. 683 CCO (United Kingdom) 1005.7 985

FWT (IC-18) No. 725 CCO (United Kingdom) 1022.4 1016.4

TABLE IV. SUMMARY OF INTERCOMPARISON DIFFERENCES BY
BEAM CONDITION AND CHAMBER TYPE

Proton irradiation condition

Unmodulated beam Modulated beam

Standard deviation (%) Markus 0.93 0.34
Cylindrical 0.72 1.06

Maximum difference (%) Markus 2.25 0.80
(Dmax) Cylindrical 1.99 2.69

Difference of means (%) 1.12 1.10
(Markus–cylindrical)



beams, should be withdrawn for such studies, or the small chambers should be
systematically aligned off centre; and (b) if time permits, the mean reading of
several positions of the chamber within the beam area should be taken (or at
least the dose uncertainty due to the positioning of the Markus chambers
should be ascertained).

The relatively small deviation of the Markus chambers results does not
suggest differences in chamber specific values, differences that have been noted
between other, similar chambers [9]. Also, the 60Co beam cross-calibration
technique is subject to larger uncertainties than the high energy electron
method [9], mainly due to the positioning of the cylindrical reference chamber.
It would be of interest to revisit the intercomparison with all Markus chambers
calibrated earlier in high energy electron beams to minimize variations due to
perturbation factors and positional uncertainties.

4. CONCLUSIONS

In spite of different measurement techniques for the estimation of
N pp

D,air,Qo, and the use of chamber calibrations traceable to different standards
laboratories, the proton dose results show reasonable agreement within a 1%
standard deviation, and within a ±1.5% maximum difference.These results sup-
port the use of Markus chambers as instruments for the calibration of proton
eye therapy beams. However, a single intercomparison provides only a spot
check for gross differences, not a final check. Definitive checks of small incon-
sistencies, for example in chamber positioning and polarity effects, would
require further intercomparisons.
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Abstract

A new protocol for dosimetry in external beam radiotherapy was published by the
Japan Society of Medical Physics in September 2002.The protocol deals with proton and
heavy ion beams and with electron and photon beams, using the absorbed dose to water
formalism with calculated ND,w factors.An intercomparison programme was carried out
with the new protocol to establish interinstitutional uniformity in proton beam
dosimetry. The absorbed doses were measured with different cylindrical ionization
chambers in a water phantom at a position of 30 mm residual range for a proton beam
that had a range of 155 mm and a spread out Bragg peak 60 mm wide. As a result, the
intercomparison showed that the use of the new protocol would improve the ±1.0%
(one standard deviation) and 2.7% (maximum discrepancy) differences in absorbed
doses stated by the participating institutions to ±0.3% and 0.9%, respectively. The new
protocol will be adopted by all the participants.
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1. INTRODUCTION

The Japan Society of Medical Physics (JSMP) is publishing a new code of
practice for dosimetry [1]. The principal reasons for the revision are to adopt
the absorbed dose to water based formalism, to update physical data, to
harmonize with international protocols, to mention narrow beam dosimetry
and to deal with proton and carbon beams.

The number of proton and carbon beam therapy facilities in Japan has
recently increased [2]. Consistency in absorbed dose is essential to compare
clinical results between the facilities. International organizations such as the
International Commission on Radiation Units and Measurements (ICRU)
recommend a periodic dosimetry intercomparison in order to verify the
interinstitutional uniformity of proton beam dosimetry [3, 4]. Although the
National Institute of Radiological Sciences (NIRS) group had attended inter-
national dosimetry intercomparisons for proton and carbon beams [5, 6],
domestic intercomparisons involving new facilities had not been carried out in
Japan. The first nationwide proton dosimetry intercomparison, using the new
dosimetry protocol, was held in 2002 at the Proton Medical Research Center
(PMRC) of the University of Tsukuba, with the participation of personnel from
the NIRS, PMRC, National Cancer Center East (NCC), Hyogo Ion Beam
Medical Center (HIBMC) and Wakasa Wan Energy Research Center
(WERC). The aims of the intercomparison were to evaluate the differences in
absorbed dose determined at different proton therapy facilities in Japan and to
establish consistency in absorbed dose to water for protons.

2. MATERIALS AND METHODS

2.1. The new Japanese dosimetry protocol

The new Japanese dosimetry protocol mostly follows Technical Reports
Series No. 398 (TRS 398) [7], which is based on ND,w,Qo (i.e. the calibration
factor in terms of absorbed dose to water for a dosimeter at a reference beam
quality, Qo). According to the protocols, absorbed dose is given by:

Dw,Q = MQND,w,QokQ,Qo (1)

where

Dw,Q is the absorbed dose to water at the reference depth in a water phantom
irradiated by a beam of quality Q;
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MQ is the reading of a dosimeter at quality Q, corrected for influence quan-
tities other than beam quality;

kQ,Qo is the factor to correct for the difference between the response of an
ionization chamber in the reference beam quality, Qo, used for cali-
brating the chamber and in the actual user beam quality, Q.

However, ND,w,Qo has not been supplied by the Japanese primary stan-
dards dosimetry laboratory. The new Japanese protocol alternatively gives the
calculated values of ND,w,Qo/NX,Qo, which depend upon the ionization cham-
ber. The value of NX,Qo is the calibration factor in terms of exposure for a
dosimeter at a reference beam quality Qo, which is supplied by the Japanese
standards dosimetry laboratories.

To calculate kQ,Qo for a proton beam, the new Japanese protocol recom-
mends using the values of Wair, the mean energy expended in air per ion pair
formed by a proton beam, and sw,air, the proton mass stopping power ratio of
water to air, which are given in TRS 398 [7].

2.2. Proton beam dosimetry 

The proton beam used for the intercomparison had a range of 155 mm
and a spread out Bragg peak (SOBP) with a width in water of 60 mm. The field
size of the proton beam was 15 cm × 15 cm. Each cylindrical ionization
chamber was inserted into a water phantom, with a 1 mm thick poly-
methylmethacrylate (PMMA) sleeve for waterproofing. The centre of the
chamber was set at the middle of the SOBP and of the field. Each chamber was
irradiated with a preset proton beam, for which a given signal was recorded by
the upstream beam monitor. Participants separately determined the absorbed
dose to water per monitor unit (Gy/MU) from the ionization chamber 
measurements, using the new protocol and their respective dosimetry
procedures.

Table I compares the dosimetry procedures used for the proton beam by
each institute. NIRS had used the dosimetry procedure based on Ref. [3], while
the other institutions followed ICRU Report 59 [4]. The model protocols were
independently modified for their respective dosimetry procedures with various
correction factors, since the dosimetric data for ionization chambers were sig-
nificantly limited in the protocols. It should be noted that non-uniformity in the
proton dosimetry procedure had existed between the participants before the
intercomparison. Exposure measurements in a 60Co gamma ray field with all
ionization chambers were also carried out, for comparison.
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3. RESULTS AND DISCUSSION

Table II summarizes the results of the intercomparison. The ‘old’ column
shows the absorbed dose to water per monitor unit (Gy/MU), which was deter-
mined with the procedure routinely used at each institution. The ‘new’ column
shows the values determined by the new Japanese protocol. In the ‘old’ column
a maximum discrepancy of 2.7% exists and a standard deviation of 1.0% is
shown. In this case, participants calculated the absorbed dose with different
dosimetric parameters (i.e. a w value for the proton beam, proton stopping
power ratio, etc.) in accordance with the respective dosimetry procedures. The
lack of unity in dosimetry procedures between the participants resulted in the
observed significant discrepancies.

A maximum discrepancy of 1.0% exists and a standard deviation of 0.3%
is shown in the ‘new’ column. The standard deviation is equal to that of expo-
sure measurements in a 60Co gamma ray field. This means that the obtained
consistency of proton beam dosimetry is nearly identical to the consistency
obtained for 60Co gamma rays. As a result, it is shown that the use of the new
protocol decreases the differences in absorbed doses stated by the participants.

4. CONCLUSION

To establish interinstitutional uniformity in proton beam dosimetry, an
intercomparison programme was carried out using the new Japanese dosimetry
protocol, which followed TRS 398, especially in selecting the dosimetric para-
meter for the proton beam. The dose measurements using different cylindrical
ionization chambers were carried out in a water phantom at a position of 30 mm
residual range for a proton beam that had a range of 155 mm and an SOBP 60
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TABLE I. COMPARISON OF DOSIMETRY PROCEDURES BETWEEN
THE PARTICIPANTS

Institution Protocol Wair (J/C) sw,air

NIRS Ref. [3] 35.2 1.123
PMRC ICRU 59 34.8 1.132
NCC ICRU 59 35.18 1.133
HIBMC ICRU 59 34.8 1.133
WERC ICRU 59 34.8 1.134



mm wide. As a result, the use of the new protocol decreased the ±1.0% (one
standard deviation) and 2.7% (maximum discrepancy) differences in absorbed
doses stated by the participating facilities, the improved figures being ±0.3%
and 0.9%, respectively. The results show that the lack of consistency in dosime-
try procedures between the institutions resulted in significant discrepancies
and that it is necessary to have a common dosimetry protocol. The new
Japanese protocol will be adopted by all the participants.
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Abstract

The IAEA has recently introduced a new code of practice, in Technical Reports
Series No. 398 (TRS 398), to improve and standardize the radiation dosimetry of external
photon, electron, proton and ion beams. The paper compares the results of proton beam
calibrations based on the recommendations of TRS 398 and the International Commission
on Radiation Units and Measurements Report 59 (ICRU 59). Measurements were
performed in clinical range modulated proton beams with energies of 155 MeV and 100
MeV at the Loma Linda University Medical Center Proton Therapy Facility using thimble
and parallel-plate ionization chambers. The absorbed dose to water calibrations based on
the recommendations of TRS 398 agree for various thimble and parallel-plate chambers
within 1.1% for the 155 MeV beam and within 1.5% for the 100 MeV beam. The results
showed that the proton doses obtained with the different ionization chambers using the
TRS 398 recommendations differed by as much as 3.1% compared with dose
determinations based on the ICRU 59 recommendations. These differences were mainly
due to differences in the recommended stopping powers, the Wair value for proton beams
and the perturbation factors in a 60Co beam. The results obtained with parallel-plate
chambers cross-calibrated in a proton beam showed close agreement with proton beam
calibrations made with a thimble chamber using the recommendations of TRS 398.

1. INTRODUCTION

The adoption of a common dosimetry code of practice by proton therapy
facilities is an important step in achieving consistency in determining the
absorbed dose delivered to patients and in providing for the exchange of clinical
results. The International Commission on Radiation Units and Measurements
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Report 59 (ICRU 59) [1] was the first publication aimed at harmonizing clini-
cal proton dosimetry with air filled thimble ionization chambers and promot-
ing uniformity of the standards. The IAEA has introduced a new code of
practice, in Technical Reports Series No. 398 (TRS 398) [2], which is based on
the use of ionization chambers calibrated in terms of absorbed dose to water
and includes recommendations for absorbed dose determination in proton
beams with both thimble and parallel-plate chambers. Implementation of TRS
398 and its subsequent adoption by the proton beam user community requires
testing the recommendation and a comparison of the results obtained with
existing protocols. A detailed theoretical comparison of the recommendations
of TRS 398 and ICRU 59 is presented in Ref. [3]. This paper reports the exper-
imental results of proton beam calibrations in terms of absorbed dose to water
following the recommendations of both TRS 398 and ICRU 59. The measure-
ments were made using several thimble and parallel-plate ionization chambers
in 155 MeV and 100 MeV range modulated proton beams. The lack of infor-
mation in ICRU 59 for dose determination with parallel-plate chambers and
missing data in TRS 398 for some types of parallel-plate chambers in use at
proton facilities makes a direct comparison of results for parallel-plate cham-
bers obtained with both the TRS 398 and ICRU 59 recommendations impossi-
ble. To overcome these difficulties, the cross-calibration formalism
recommended for the dosimetry of high energy electron beams [4] was applied
to parallel-plate chambers by using chamber specific factors determined from
a cross-calibration procedure in a non-modulated 250 MeV proton beam. The
results of absorbed dose determinations in 155 MeV and 100 MeV range mod-
ulated beams with cross-calibrated parallel-plate chambers were compared
with the results for thimble chambers.

2. MATERIALS AND METHODS

The determination of absorbed dose in a proton beam using an ionization
chamber and the recommendations of TRS 398 and ICRU 59 depends upon a
calibration of the chamber in reference conditions. The equations related to
both sets of recommendations are given below in a general form; the reader is
referred to the original publications for details [1, 2]. ICRU 59 allows calibra-
tions in a 60Co beam based upon exposure, air kerma or absorbed dose to
water. Following the original notation of ICRU 59, the absorbed dose to water
for protons, Dw,p, when using an ionization chamber with exposure, NX, or air
kerma, NK, calibration factors for a 60Co beam, can be written as:

Dw,p = Mp
corrND,gCp (1)
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(2)

where

Mp
corr is the meter reading corrected for influence quantities;

ND,g is the absorbed dose to gas calibration factor;
Cp is the overall proton correction factor;
(Wair)c is the mean energy required to form an ion pair in the chamber air for

60Co gamma rays;
(wair)p is the mean energy required to form an ion pair in the chamber air for

protons;
(sw,air)p is the mean water to air stopping power ratio for protons.

The absorbed dose to water for protons when using an ionization cham-
ber with an absorbed dose to water calibration factor for a 60Co beam, ND,w,c,
can be written as:

Dw,p = Mp
corrND,w,ckp (3)

where kp is the beam quality correction factor, defined as:

ere kp is the beam quality correction factor, defined as: (4)

where (sw,air)c is the ratio of restricted mass stopping powers of water to air for
electrons produced by 60Co gamma rays.

The TRS 398 formalism gives the absorbed dose to water under reference
conditions in a clinical proton beam, Dw,Q, using a slightly different notation, as
the equation for the beam quality correction factor, kQ,Qo, includes perturba-
tion factors:

Dw,Q = MQND,w,QokQ,Qo (5)

(6)

where subscript Q relates to the user’s beam quality (i.e. a proton beam)
and subscript Qo relates to the calibration beam quality (i.e. a 60Co beam).
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pQ and pQo are chamber perturbation factors for the proton and 60Co beams,
respectively.

A list of chambers used in this study is shown in Table I. A detailed com-
parison of the results of absorbed dose determination using the procedures rec-
ommended in TRS 398 and ICRU 59 requires that both the ND,w and NK
calibration factors, traceable to the same standards laboratory, be available for
the chambers employed in the measurements. As seen in Table I, the specific
chambers had official ND,w and NK calibrations from two calibration institu-
tions (the Accredited Dosimetry Calibration Laboratory at the University of
Wisconsin (ADCL UW) and the Dosimetry Laboratory at the IAEA). For two
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TABLE I. IONIZATION CHAMBER DESCRIPTIONS AND CALIBRA-
TION FACTORS

Chamber model: Wall NK ND,w ND,g Npp
D,g,Qcross Npp

D,w,Qcross

serial number (type) material (Gy/C) (Gy/C) (Gy/C) (Gy/C) (Gy/C)

Exradin T1 A150 6.930 × 108 7.649 × 108 6.627 × 108 — —
No. 222 (thimble) (ADCL UW) (ADCL UW)

PTW 30001 PMMAa 4.759 × 107 5.259 × 107 b 4.597 × 107 — —
No. 008 (thimble) (ADCL UW)

Capintec PR-06 C552 4.392 × 107 4.875 × 107 b 4.348 × 107 — —
No. 5965 (thimble) (ADCL UW)

NE 2571 No. 1423 Graphite 4.158 × 107 b 4.565 × 107 b 4.080 × 107 — —
(thimble)

NE 2571 No. 208 Graphite 4.152 × 107 4.559 × 107 4.074 × 107 — —
(thimble) (IAEA) (IAEA)

PTW Markus Graphited — 5.516 × 108 — 4.736 × 108 c 5.505 × 108 c

No. 1771 polyethyl (ADCL UW)
(plane-parallel)

Memorial WPC Polystyrene — — — 9.209 × 108 c 1.070 × 109 c

No. 80 
(plane-parallel)

Exradin P11 Polystyrene — — — 5.520 × 107 c 6.416 × 107 c

No. 111 
(plane-parallel)

a PMMA: polymethylmethacrylate.
b Cross-calibrated to NE 2571 No. 208 in a 60Co beam.
c Cross-calibrated to Exradin T1 No. 222 in a non-modulated 250 MeV proton beam.



thimble chambers without an official calibration (Capintec PR-06 No. 5945 and
NE 2571 No. 1423), the cobalt NK and ND,w calibration factors were determined
by cross-calibrating these chambers to the NE 2571 No. 208 thimble chamber
free in air and in water. The ND,w calibration factor for the PTW W30001
No. 008 chamber was also obtained from the cross-calibration to the NE 2571
No. 208 chamber in a 60Co beam. With this arrangement the impact of the
known discrepancy in ND,w/NK between the United States (ADCL UW) and
Bureau international des poids et mesures traceable (IAEA) laboratories on
the comparison results was minimized [5].

TRS 398 states that the uncertainty of a proton dose determination with
a parallel-plate chamber is higher than that for a thimble chamber. The uncer-
tainty of a proton dose determination with a parallel-plate chamber may be
reduced, however, by using the procedure recommended for dose determina-
tion in high energy electron beams [4]. This procedure was tested by cross-
calibrating a parallel-plate chamber against a thimble chamber in a proton
beam of quality Qcross. The use of this procedure also allowed the extension of
the ICRU 59 formalism to parallel-plate chambers and to chambers not listed
in the TRS 398 data tables. The absorbed dose to gas calibration factor,
Npp

D,g,Qcross, (ICRU 59) and the calibration factor in terms of absorbed dose to
water, N pp

D,w,Qcross, (TRS 398) for the chambers under calibration, at the cross-cal-
ibration quality Qcross, can be derived as:

(7)

(8)

where 

Mref
Qcrossand Mpp

Qcross are the dosimeter readings for the reference thimble cham-
ber and the parallel-plate chamber under calibration,
respectively, corrected for the influence quantities;

[ND,g]ref is the factor in terms of absorbed dose to gas in a 60Co
beam;

[ND,w,Qo]ref is the calibration factor in terms of absorbed dose to water
for the reference chamber at quality Qo;

kref
Qcross,Qo is the beam quality correction factor for the reference

chamber.
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The cross-calibrated chamber with calibration factor N pp
D,w,Qcross or

Npp
D,g,Qcross may be used subsequently for the determination of absorbed dose in

the user’s beam of quality Q using the basic equation of TRS 398 (Eq. (5)) or
equation (1) of ICRU 59.The beam quality correction factor from quality Qcross
to quality Q (TRS 398) is defined as:

(9)

Both proton perturbation factors in Eq. (9) were set to unity [2]; the factor
kpp

Q,Qcross is the ratio of proton stopping powers. In general, the factor kpp
Q,Qcross for

the parallel-plate chambers listed in TRS 398 can be calculated as a ratio of
factors kpp

Q,Qo and kpp
Qcross,Qo, where Qo is a 60Co beam. The cross-calibration

procedure utilized the horizontal beam line (HBL) of the Loma Linda
University Medical Center Proton Therapy Facility, which provided a non-
modulated proton beam with an accelerator energy of 250 MeV (Table II).

The TRS 398 and ICRU 59 comparison measurements utilized two clinical
proton beams. The first beam was the HBL proton beam, which had an accele-
rator energy of 155 MeV. The second beam used an ocular beam line that pro-
vided a range modulated proton beam with an accelerator energy of 100 MeV.
Prior to the cross-calibrations and proton dose measurements, the chambers
and water phantom were stored in the irradiation room for 24 h to equilibrate
with the room temperature. Chambers were positioned in the water phantom
so that the centre of the sensitive volume of each chamber was at a water equiv-
alent depth of 10.00 cm for the 250 MeV proton beam, at a depth of 10.27 cm
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TABLE II. PROTON BEAM PARAMETERS

Accelerator energy (MeV) 100 155 250

Aperture size (cm) 5.0a 14 × 14 14 × 14

90% to 90% modulation width (cm) 2.36 5.8 —

Range (R) in water to distal 10% dose (cm) 2.82 13.79 31.8

Depth (D) of measurements in water (cm) 1.42 (COMb) 10.27 (COM) 10.00 
(plateau)

Residual range (R – D) (cm) 1.40 3.52 21.8

a To provide a uniform dose across the chamber, the end of the snout was removed,
which increased the field size.

b COM: centre of modulation.



(COM) for the 155 MeV beam and at a depth of 1.42 cm (COM) for the 100
MeV beam. The effective point of measurement for the cylindrical chamber
was considered to be at the geometric centre of the chamber, whereas the effec-
tive point of measurement for the parallel-plate chamber was considered to be
at the inner surface of the air cavity.

3. RESULTS AND DISCUSSION

Absorbed dose to water values for the two proton beams for each chamber
were calculated using Eqs (1)–(4) for ICRU 59 or Eqs (5) and (6) for TRS 398.
The results of these calculations are shown in Tables III and IV for the 155 MeV
beam and in Table V for the 100 MeV beam. It can be seen that the absorbed
dose to water calibrations based only upon the recommendations of TRS 398
agree within 1.1% for both thimble and parallel-plate chambers in the 155 MeV
beam and within 1.5% for the 100 MeV beam. A comparison between absorbed
dose determinations using TRS 398 and ICRU 59 (for the absorbed dose to
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TABLE III. ABSORBED DOSE TO WATER VALUES (Gy/106 MU) FOR
MEASUREMENTS IN A 155 MeV PROTON BEAM

TRS 398/ TRS 398/ TRS 398/

Chamber TRS 398
TRS 398/ ICRU 59 ICRU 59 ICRU 59 ICRU 59 ICRU 59
NE 2571 (Nk) (ND,w,c) (Nk) (ND,w,c) (ND,w,c)
No. 208 [3]

NE 2571 1.393 1.000 1.398 1.381 0.996 1.009 1.011
No. 208

NE 2571 1.397 1.003 1.402 1.385 0.996 1.009 1.011
No. 1423

PTW W30001 1.390 0.998 1.383 1.390 1.005 1.000 —
No. 008

Capintec PR-06 1.382 0.992 1.390 1.375 0.994 1.005 —
No. 5965

Exradin T1 1.387 0.996 1.390 1.419 0.998 0.978 0.978
No. 222

PTW Markus 1.382 0.992 — — — — —
No. 1771



water based formalism) for the various thimble chambers in the 155 MeV beam
showed a maximum difference of 3.1%, while a comparison between TRS 398
and ICRU 59 (for the air kerma based formalism) for the same set of chambers
showed a 1.1% maximum difference.As discussed in Ref. [3], the origin of these
differences stems from the debate concerning the components of the two rec-
ommendations: the (Wair)p value, the proton stopping powers, humidity effects
and the chamber perturbation factors. Following the analysis of Ref. [3], it can
be seen that some of the recommended factors in the air kerma based formal-
ism counteract, thus providing a better agreement of the results obtained with
the air kerma based formalism of ICRU 59 and TRS 398 than with TRS 398 and
the absorbed dose to water based formalism of ICRU 59. The differences
between the results obtained with TRS 398 and ICRU 59 (for the absorbed
dose to water based formalism) calculated in Ref. [3] for NE 2571 and Exradin
T1 chambers (last column of Table III) are consistent with the measured ratios.

The calibration factors for parallel-plate chambers derived from cross-
calibration measurements in a proton beam with the Exradin T1 No. 222 cham-
ber using Eqs (7) and (8) are listed in Table I, and the comparison results for
the 155 MeV and 100 MeV beams are listed in Tables IV and V.

It can be seen that the calibration of both proton beams with the cross-
calibrated parallel-plate chambers results in a difference in reported dose less
than 1.2%, when compared with the results for a thimble chamber with TRS 398
used for dose calculations. The use of the ICRU 59 formalism through the
proton cross-calibration procedure demonstrates similar comparison results.
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TABLE IV. ABSORBED DOSE TO WATER VALUES (Gy/106 MU) FOR
MEASUREMENTS IN A 155 MeV PROTON BEAM: CROSS-
CALIBRATED PARALLEL-PLATE CHAMBERS

TRS 398 ICRU 59

Chamber TRS 398
TRS 398 ICRU 59 (Npp

D,w,Qcross)/ (Npp
D,g)/

(Npp
D,w,Qcross) (Npp

D,g) NE 2571 NE 2771
No. 208 No. 208

NE 2571 No. 208 1.393 — — — —

Exradin P11 No. 111 — 1.392 1.403 1.000 1.007

Memorial WPC No. 80 — 1.376 1.379 0.988 0.990

PTW Markus No. 1771 1.382 1.376 1.380 0.988 0.991



4. CONCLUSIONS

The absorbed dose to water calibrations based on the recommendations
of TRS 398 agree for various thimble and parallel-plate chambers within 1.1%
for a 155 MeV beam and within 1.5% for a 100 MeV beam. A comparison of
absorbed dose to water calibrations for a 155 MeV beam using the recommen-
dations of TRS 398 and ICRU 59 (for the air kerma formalism) results in an
agreement for thimble chambers of within 1.1%; however, the difference in the
results for calibrations based on the recommendations of TRS 398 and ICRU 59
(for the absorbed dose to water formalism) increases, by up to 3.1%. A cross-
calibration procedure for parallel-plate chambers yielded agreements at the
same level as for thimble chambers, thereby enabling parallel-plate chambers
to be a reliable alternative as standard reference detectors.
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TABLE V. ABSORBED DOSE TO WATER VALUES (Gy/106 MU) FOR
MEASUREMENTS IN A 100 MeV PROTON BEAM: CROSS-
CALIBRATED PARALLEL-PLATE CHAMBERS

TRS 398/ TRS 398 ICRU 59

Chamber TRS 398
NE 2571 TRS 398 ICRU 59 (Npp

D,w,Qcross)/ (Npp
D,g)/

No. 1423 (Npp
D,w,Qcross) (Npp

D,g) NE 2571 NE 2571
No. 1423 No. 1423

NE 2571 15.778 1.000 — — — —
No. 1423

PTW W30001 15.858 1.005 — — — —
No. 008

Capintec PR-06 15.704 0.995 — — — —
No. 5965

Exradin T1 15.850 1.005 — — — —
No. 222

Exradin P11 — — 15.870 15.941 1.006 1.010
No. 111

Memorial WPC — — 15.850 15.920 1.004 1.009
No. 80

PTW Markus 15.933 1.010 15.858 15.929 1.005 1.010
No. 1771
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Abstract

The use of radiation sensitive gels for dosimetry measurements was first
suggested in the 1950s. It was subsequently shown that radiation induced changes in the
nuclear magnetic resonance relaxation properties of gels infused with conventional
Fricke dosimetry solutions could be measured. Owing to diffusion related limitations in
the use of Fricke gels, alternative polymer gel dosimeters were suggested. Both magnetic
resonance imaging and optical laser techniques have been used to evaluate gel
dosimeters and to produce three dimensional dose distributions. More recently, the use
of X ray computer tomography, ultrasound and vibrational spectroscopy have also been
demonstrated as valuable techniques in the evaluation of polymer dosimetry gels. Gel
dosimetry has been shown to have great potential in the evaluation of complex dose
distributions, such as in external beam radiotherapy, including intensity modulated
radiation therapy and brachytherapy.

1. INTRODUCTION

Over many years individuals have endeavoured to measure absorbed
radiation dose distributions using gels. As long ago as the 1950s the radiation
induced colour change in dyes was used to investigate radiation doses in gels
[1]. Depth doses of X rays and electrons in agar gels were investigated using
spectrophotometry [2]. Gel dosimetry today, however, is founded mainly on the
work of Gore et al., who in 1984 demonstrated that changes due to ionizing
radiation in Fricke dosimetry solutions could be measured using nuclear mag-
netic resonance (NMR) and magnetic resonance imaging (MRI) methods [3].
This paper gives an introductory overview of the basic principles of gel dosime-
try. For further details on this dosimetry technique, including specific clinical
applications, see Refs [4, 5] and the references therein.

2. ADVANTAGES OF GEL DOSIMETRY

There are certain advantages of gel dosimetry over conventional
dosimetry techniques. Measurements using conventional dosimeters, such as
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thermoluminescent dosimeters, ionization chambers and film, are potentially
time consuming if a full three dimensional (3-D) dose distribution is required,
as only a limited number of points or planes can be measured at any one time.
Steep dose gradients require that dosimeters be as small as possible, other-
wise the true dose gradient may not be determined. Gel dosimeters have the
potential to integrate the radiation dose from different directions, which
enables the evaluation of volumes, resulting in the potential for true 3-D
dosimetry.

3. GEL DOSIMETER TYPES

Gel dosimeters can generally be divided into two different types: Fricke
gels based on the well established Fricke dosimetry and polymer gels. It should
be noted, however, that dosimeters based on other gel systems have also been
developed, including superheated bubble dosimetry [6].

3.1. Fricke gel dosimeters

In 1984 it was proposed that NMR relaxation measurements of particular
irradiated materials could be used to determine the absorbed dose of ionizing
radiation [3] in a Fricke or ferrous sulphate dosimeter [7]. In the Fricke dosime-
ter, ionizing radiation causes ferrous (Fe2+) ions to be converted to ferric ions
(Fe3+) through the radiolysis of the aqueous system. In the presence of the
paramagnetic Fe3+ the NMR longitudinal or spin–lattice relaxation rate,
R1 (= 1/T1), and the transverse or spin–spin relaxation rate, R2 (= 1/T2), of the
irradiated dosimeter are significantly increased and found to be proportional to
the concentration of the Fe3+ produced, and hence to the absorbed radiation
dose [3]. Ferrous sulphate solutions were subsequently incorporated into aque-
ous gel matrices of gelatin [3], sephadex [8], agarose [9] and polyvinyl alcohol
(PVA) [10] in order to stabilize spatially the absorbed dose distribution. When
used in conjunction with MRI, the gel dosimetry system was found to exhibit
potentially unique features for radiation dosimetry, including the ability to
measure 3-D absorbed radiation dose distributions. A major limitation of fer-
rous sulphate dosimetry systems is the continual post-irradiation diffusion of
ions in the dosimeter, resulting in a blurred dose distribution. The range of
diffusion coefficients measured and reported in the literature by different
authors has been summarized in Ref. [11]. Owing to the diffusion limitations
encountered in Fricke gel type dosimeters, alternative gel dosimetry systems
were proposed based on polymer systems or gel networks [12]. The remainder
of this paper concentrates on polymer gel dosimeters.
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3.2. Polymer gel dosimeters

The use of polymer systems as radiation dosimeters was suggested as
early as 1954 [13]. An alternative gel dosimetry system to Fricke gel dosimeters
was proposed based on the polymerization of acrylamide (AA) and N,N¢-meth-
ylene-bis-acrylamide (BIS) monomers dispersed in an aqueous agarose gel
matrix [12].This dosimetry system was given the acronym BANANA (BIS,AA,
nitrous oxide and agarose). As was the case for Fricke gel dosimeters [3], when
used in conjunction with MRI the dosimetry system was found to exhibit
unique features for radiation dosimetry, including the ability to determine 3-D
absorbed dose distributions [14]. AA and agarose were subsequently replaced
in the BANANA formulation with acrylic acid (ACA) and gelatin, respectively,
and with sodium hydroxide added [15]. ACA was subsequently replaced with
AA and sodium hydroxide removed with this new formulation, being given the
acronym BANG (BIS, AA, nitrogen and gelatin) [16]. The BANG polymer
dosimetry gel system was subsequently commercialized [17], and BANG
became a registered trademark of MGS Research, Inc.These BANG type poly-
acrylamide gel dosimeters are now generally referred to in the literature as
PAG dosimeters [18]. Over the last few years a number of different polymer gel
formulations have been proposed in the literature by different authors. A
summary of these formulations is given in Ref. [19]. Fong et al. suggested in
2001 a new formulation for polymer gel dosimeters, which consists of
methacrylic acid, ascorbic acid, hydroquinone and copper sulphate gelatin, and
has the name MAGIC (methacrylic and ascorbic acid in gelatine initiated by
copper) gel [20]. The advantage of the MAGIC normoxic gel formulation is
that the polymer is not as sensitive to the presence of atmospheric oxygen.
Further research has suggested that these normoxic gels have great potential as
polymer gel dosimeters [21, 22].

4. MANUFACTURE OF POLYMER GEL DOSIMETERS

Polymer gel dosimeters are usually manufactured using conventional
chemistry apparatus (Fig. 1(a)) from aqueous solutions of monomers, such as
AA and BIS, and a gelling agent, such as gelatin. Care is always essential when
handling such chemicals. Normal laboratory safety procedures ensure that
polymer gel dosimeters are manufactured safely [23]. Radiation induced free
radical polymerization takes place in polymer gel dosimeters. A significant
manufacturing problem of PAG dosimeters is the inhibition of the free radical
polymerization by atmospheric oxygen [24], which must be excluded during
and after the manufacturing process. This is usually achieved by manufacturing
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the dosimeters in an inert nitrogen atmosphere in a reaction flask [16, 18, 25].
A glovebox containment facility is often used as part of the manufacturing
process [25–27].There has been anecdotal evidence reported of polymerization
due to exposure to light, which may be a consideration during manufacture,
storage, transport and evaluation [26]. In the case of normoxix gels [20–22],
manufacture can take place on the bench top without the need to use a glove-
box containment facility. The aqueous polymer gel mixture is usually poured
into a suitable airtight phantom before being left to gel and/or solidify
(Fig. 1(b)). Phantoms are usually manufactured from glass, Perspex or plastics
with low oxygen transport properties, such as Barex (Arbo Plastics Ltd). The
advantage of a material such as Barex is that it may be heat moulded to the
desired shape of an anthropomorphic phantom [28].

After the polymer gel phantom has been prepared it is irradiated, usually
with a linac or brachytherapy source (Fig. 1(c)). After a period of time, post-
irradiation and after the radiation induced chemical reactions have taken place,
the gel phantom is evaluated using, for example, MRI (Fig. 1(d)). The acquired
data are subsequently processed to calculate, in the case of nuclear magnetic
resonance, a relaxation map (Fig. 1(e)). A spatial distribution of the absorbed
dose distribution (Fig. 1(f)) is calculated by applying a calibration curve to the
relaxation map.This may be compared quantitatively with a radiotherapy treat-
ment plan. A calibration curve is often not used for relative dosimetry, and lin-
earity of the dose response in the range of doses under consideration is
assumed. It has been observed, however, that the relationship between R2 and
dose is quasi-linear [27, 30–32].

5. EVALUATION OF GELS

5.1. Magnetic resonance methods

To date, MRI has been used for the majority of investigations reported in
the polymer gel literature. This measurement technique is used to determine
radiation induced changes in relaxation times in polymer gels and to relate
them to absorbed dose by means of a calibration curve. To date the majority of
studies have been undertaken to investigate R2 or T2. It is known that the
determination of relaxation times using clinical MRI systems is inherently dif-
ficult [33]. In clinical imaging an uncertainty of up to 10% is considered accept-
able in the determination of T2 [34]. In polymer gel dosimetry a number of the
technical difficulties in measuring relaxation times in vivo, such as patient
movement and blood flow, do not exist, and so it is possible to reduce uncer-
tainties to a much lower level [35]. In the context of gel dosimetry, clinical MRI
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scanners may contribute imaging artefacts to calculated dose maps. A suitable
pulse sequence is chosen or developed so as to avoid imaging artefacts while
optimizing the signal to noise ratio for a particular scanning time and image
resolution. Variations in scanner type may result in the optimal pulse sequence,
depending on field and gradient strengths and gradient rise and fall times.
Imaging artefacts may be generally grouped in gel dosimetry into two cate-
gories: those that cause geometrical distortions and those that cause dose or T2
inaccuracies. Field inhomogeneities, gradient non-linearities and eddy currents
cause machine related geometrical distortions, while susceptibility and chemi-
cal shift variations cause object related geometrical distortions. Eddy currents,
slice profile variations, B1 field inhomogeneities and stimulated echoes cause
machine related dose or T2 inaccuracies, while temperature drift and inhomo-
geneous temperature distributions may cause object related dose or T2 inaccu-
racies. In polymer gel dosimetry different methodologies have been extensively
explored by De Deene et al. [36–39] to evaluate the various uncertainties asso-
ciated with the use of MRI pulse sequences.

(f)(e)

(c)(b)

(d)

(a)

FIG. 1. Principles of gel dosimetry (modified from Ref. [29] and used with permission).
(a) Manufacture of polymer gel dosimeter; (b) polymer gel dosimeter poured into a phan-
tom; (c) irradiation of a polymer gel dosimeter on a linac; (d) evaluation of a polymer gel
dosimeter; (e) map of the dose distribution; (f) 3-D reconstruction of the dose distribution.



5.2. Optical tomography methods

As solid polymer forms in the irradiated polymer gel dosimeter, the
optical turbidity of the dosimeter changes. This phenomenon has been used
to determine absorbed dose by measuring optical density changes [40, 41].
Optical techniques have been considered as an alternative to MRI for the
evaluation of polymer gel dosimeters, as they may have the potential to be
simpler and easier to implement [42]. Phantoms are typically rotated and
scanned with a moving laser beam. Under these circumstances cylindrical
phantoms are most suitable and are rotated in an optically matched fluid 
so as to minimize any effects originating from refraction and reflection.
Optical techniques do, however, pose a technical challenge, especially when
considering complex 3-D dose distributions in anthropomorphically shaped
phantoms.

5.3. X ray computed tomography methods

The use of X ray computed tomography (CT) has been shown to have
potential as a method of evaluation for 3-D dose distributions in polymer gel
dosimeters [43–45].This technique relies on the radiation induced change in CT
number due to a change in density of the irradiated polymer. A significant
advantage of this method is the ready access to CT scanners by radiotherapy
departments compared with MRI equipment. To date, results have indicated
that the technique is somewhat inferior to MRI and optical gel dosimetry tech-
niques, owing to the limited dynamic range of CT numbers.

5.4. Vibrational spectroscopy methods

FT (Fourier transform) Raman spectroscopy has been shown to be a use-
ful analytical tool for determining radiation induced changes in polymer gel
dosimeters [27, 46–51]. Raman microscopy has further been demonstrated to
have potential in the determination of dose distributions to resolutions
approaching 1 mm [49].

5.5. Ultrasound

A new technique for the evaluation of absorbed dose distributions in
these dosimeters using ultrasound was recently introduced [52, 53]. Ultrasound
attenuation and speed were shown to vary with absorbed dose. The full poten-
tial of ultrasound evaluation techniques, however, is yet to be realized, as this
method of investigation has not been optimized.
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6. PROPERTIES OF POLYMER GEL DOSIMETERS

6.1. Dose response and sensitivity

The dose response in gel dosimetry has traditionally been represented in
terms of an R1 or R2 relaxation rate versus absorbed dose graph. The R1 or R2
dose sensitivity, calculated from the initial gradient of the quasi-linear part of
an R1 or R2 versus absorbed dose graph, is often quoted as the parameter defin-
ing the performance of the gel dosimeter. There has been a general assumption
by numerous groups working in the polymer gel dosimetry field of the exis-
tence of a linear relationship between R2 and absorbed dose. However, as pre-
viously stated, it has been observed that the relationship is only quasi-linear
[27, 30–32]. A number of studies have shown that altering both the percentage
and chemical composition of the constituent chemicals of polymer gel dosime-
ters will alter the response to radiation. The R2 dose sensitivity has been shown
to increase with the percentage of comonomers [54–56], up to a maximum
above which the monomer will not dissolve. A number of studies have utilized
alternative monomers [19–21] (Fig. 2).

6.2. Radiological water equivalence

Owing to the large proportion of water, polymer gel dosimeters are vir-
tually radiologically water equivalent [57].

6.3. Linear energy transfer and dose rate

No significant linear energy transfer (LET) effects have been observed
for BANG-1 polymer gel dosimeters [26]; however, an effect has been observed
for BANG-3 [26, 58]. The extent to which there may be an LET effect in poly-
mer gel dosimeters has not been quantified. No significant dose rate effects
have been observed in polymer gel dosimeters in the dose rate range of
0.2 Gy/min to 4 Gy/min using MRI [59]. LET effects were observed for clini-
cally relevant protons using vibrational spectroscopy [50].

6.4. Temperature

Temperature changes during and after the irradiation of polymer gel
dosimeters have been noted [60]. The dose response of polymer gel dosimeters
has been shown to be dependent on the temperature at which the dosimeters
are evaluated using MRI [31, 55, 61].
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6.5. Magnetic field strength

The dose response of polymer gel dosimeters has been shown to have
some dependence on the field strength of the MRI system with which the
dosimeters are evaluated [14, 27, 62].

6.6. Ageing and temporal stability

The post-irradiation events taking place in polymer gel dosimeters have
been investigated by a number of authors. Initially it was thought that observed
continual changes in T2 post-irradiation were due to a continuous polymeriza-
tion reaction [16, 63]. However, it has been shown that the properties of gelatin
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FIG. 2. T2 changes as a function of the absorbed dose for different polymer gel dosimeter
formulations. In each formulation the percentage weight fraction of the different
comonomers was 3%, with the remaining constituents being 3% BIS, 5% gelatin (300
bloom) and 89% water. The solid curves are obtained from the model of fast exchange of
magnetization [19]. The inset shows the quasi-linear increase of R2 (1/T2) at low doses.
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in the polymer gel dosimeter also evolve with time [31]. More recent studies
have explained the post-irradiation events taking place in polymer gel dosime-
ters as due to continual polymerization, ongoing gelation and strengthening of
the gel matrix [47].

7. CONCLUSIONS

It has been demonstrated in the literature that gel dosimetry is a highly
promising technique and it is currently being further investigated and devel-
oped by numerous research groups. As all groups work with slightly different
gel compositions and evaluation techniques there is not yet a standard for poly-
mer gel dosimetry, and developments are ongoing to produce better polymer
gel dosimetry systems. Polymer gel dosimetry should benefit from the continu-
ing improvements in instrumentation and software. Some features of polymer
gel dosimetry are unique for the dosimetry of ionizing radiation. No other
dosimeter can determine 3-D dose distributions in soft tissue equivalent phan-
toms that are 3-D shaped. It is likely that gel dosimetry will eventually estab-
lish a permanent role in clinical radiotherapy dosimetry. The most important
applications in the near future may be the verification of 3-D treatment plan-
ning systems, intensity modulated radiation therapy and high dose rate brachy-
therapy, including cardiovascular brachytherapy.
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Abstract

As a consequence of increased precision in radiotherapy and international safety
recommendations, there is a growing demand for methods for accurate in vivo
measurements of absorbed doses to patients. A flexible optical fibre dosimeter system
with the capability of measuring the dose rate and total absorbed dose in real time (i.e.
during the treatment), either on the surface of the body or in cavities near the organs
and tissues of interest, has therefore been developed. The system is based on
radioluminescence and optically stimulated luminescence (OSL) from a 1 mm × 1 mm
× 2 mm solid state dosimeter of carbon doped aluminium oxide (Al2O3:C). A focused
laser beam is used as the stimulation source for the OSL, and all signals between the
dosimeter probe and the rest of the system are transmitted through a thin (1 mm core
diameter), 15 m long fibre optical cable. The main advantages of the system described in
the paper compared with the currently available clinical radiation detectors are the
small sensor, the high sensitivity and the real time measurement capability. The features
of the new system and results from measurements carried out both in air and in
phantoms using different experimental and clinical radiation beams are described. The
system was found to be highly linear in the dose range tested (0–3 Gy), to have an
almost identical response to 6 MV and 18 MV photons and 20 MeV electrons (the
closeness of agreement is better than 1%) and to have a short term stability better than
0.2% (one standard deviation).

1. INTRODUCTION

The need for an improved accuracy of absorbed dose measurements in
radiotherapy is increasing, owing to new and more precise diagnostic meth-
ods (e.g. computed tomography, positron emission tomography and magnetic
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resonance imaging), better treatment planning methods and treatment
approaches (e.g. intensity modulated radiation therapy) and international
safety recommendations for avoiding accidental exposures of patients under-
going radiation therapy [1]. Currently, in vivo patient monitoring is performed
using mainly silicon diode detectors, thermoluminescent dosimeters (TLDs)
and MOSFETs [2, 3]. However, these systems have various shortcomings, such
as a limited reproducibility and no provision for real time information (TLDs)
[4] or poor tissue equivalence (silicon diode detectors and MOSFETs).

To help meet the requirements outlined above, the authors have devel-
oped a real time optical fibre dosimeter based on radioluminescence (RL) and
optically stimulated luminescence (OSL) from small solid state chips of carbon
doped aluminium oxide (Al2O3:C) [5]. Optical fibre dosimeters have previ-
ously been described by other groups [6–9].

The phenomenon of OSL is physically related to thermoluminescence.
The latter phenomenon uses heating of the sample (usually up to 500∞C) to
stimulate the luminescence, whereas OSL is based on stimulation with a light
source (e.g. a laser). During exposure to radiation (e.g. electrons or X rays), a
small fraction of the radiation energy is stored in the Al2O3:C crystal in the
form of electrons that are trapped at lattice defects. During optical stimulation,
these trapped electrons are released and luminescence is emitted in the subse-
quent electron–hole recombination process. This OSL signal is thus related to
the dose of absorbed radiation. RL does not involve traps, and the lumines-
cence occurs promptly during irradiation. A simple protocol for the use of RL
and OSL in radiotherapy is illustrated in the right hand part of Fig. 1: the RL
signal generated in the dosimeter provides continuous information about the
dose rate during treatment, whereas the total absorbed dose can be read out
after (or during) the treatment using OSL. A relatively accurate dose estimate
can be obtained within a few seconds by reading the peak value of the OSL
decay curve. The OSL signal is completely cleared after some minutes of stim-
ulation, and the dosimeter is ready for a new measurement.

The main advantages of the new optical fibre dosimeter over currently
available radiation detectors used in clinical applications are: (a) the small
sensor; (b) its high sensitivity over a wide range of dose rates and absorbed
doses; and (c) its unique capability of measuring both the dose rate and inte-
grated absorbed dose in real time. Ultra-thin fibre dosimeters can be placed
either on the surface of the body or in cavities near the organs and tissues of
interest.

This paper describes the features of the new optical fibre dosimeter
based on measurements made in phantoms and in air using laboratory X ray,
beta and gamma sources, and various clinical photon and electron therapy
beams.
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2. INSTRUMENTATION AND METHODS

A schematic diagram of a prototype optical fibre dosimetry system is
shown in Fig. 1. To produce the OSL a green (532 nm, 20 mW) laser beam is
focused through a dichroic colour beamsplitter positioned at a 45º angle rela-
tive to the incident beam, and via the light fibre into the Al2O3:C dosimeter.
The stimulated OSL signal, which mainly consists of blue light, is carried back
from the dosimeter in the same fibre and reflected through a 90º angle by the
beamsplitter into a photomultiplier tube. A filter in front of the tube rejects the
scattered green light from the laser. The dosimeter probe consists of a small 
(1 mm × 1 mm × 2 mm) single crystal of Al2O3:C coupled to the end of a 10 m
or 15 m long, 1 mm core diameter fibre made of plastic. The dosimeter system
is controlled from a standard desktop computer.

The dosimeter was tested using the following sources of radiation: (a) a
linac (Varian Clinac 2100C; 6 MV and 18 MV photons and 20 MeV electrons);
(b) a gamma calibration facility (60Co and 137Cs sources); (c) a laboratory
90Sr/90Y source; and (d) an X ray generator (Varian VF-50J; 50 kV, 1 mA) [10].
In-phantom measurements were performed at the linac using Solid Water
(Gammex RMI) at the depth dose maximum (100 cm source to surface
distance; 10 cm × 10 cm field for photons and 15 cm × 15 cm for electrons).
Other measurements were made in air.

3. RESULTS

All experiments were carried out in accordance with the protocol out-
lined in the right hand part of Fig. 1. As an example, Fig. 2 shows the RL
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FIG. 1. Outline of the dosimeter system.



response during an irradiation with 6 MV photons. The irradiation lasted
about 10 s, and there is a data point for every 0.5 s. When the beam is switched
on, the count rate changes abruptly from about 20 to 1.4 × 106 counts per sec-
ond. It is observed that the RL signal is not constant during the irradiation; it
increases by 1.2% per second. This is a result of the RL characteristics of
Al2O3:C.

3.1. Linearity

Figures 3(a) and (b) show that there is a clear linear relation between
the RL response and dose rate in the experimental range of 0 Gy/min to
3.2 Gy/min; the correlation coefficients are larger than 0.9994 for both data
sets. Figures 3(c) and (d) show that the OSL dose response is linear in the range
of 0 Gy to 3 Gy; the correlation coefficient is 0.9995 for the log scale and 0.9999
for the linear scale. On the basis of the literature [11], the authors expect lin-
earity to extend beyond 20 Gy.

3.2. Reproducibility 

The reproducibility of the system was tested with a small laboratory X
ray generator that was programmed to give a fixed dose (500 s irradiation at
50 kV and 0.3 mA) every 32 min.The system ran for 38 h, while the OSL signals
from the Al2O3:C dosimeter between irradiations were monitored. The
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distribution of results is shown in Fig. 4(a). The standard deviation is 0.2%,
and the majority of results are very closely centred around the mean.The main
deviations occur for the initial irradiations in the sequence (probably because
of temperature effects). It must be emphasized that the observed variability
includes contributions from the dosimeter system, as well as from the X ray
unit. These results show that the system has an excellent short term repro-
ducibility and that the dosimeter can be regenerated as part of the measure-
ment procedure.
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3.3. Energy and dose rate dependence

Figure 4(b) shows the OSL response of the dosimeter to 0.5 Gy delivered
using different energies (6 MV and 18 MV photons and 20 MeV electrons) and
dose rates (0.8, 2.4 and 3.2 Gy/min). The results have been normalized to the
mean value of the response to 6 MV photons. The standard deviation of the
results is about 0.4%, which suggests that the OSL response is essentially inde-
pendent of energy and dose rate for the conditions tested.

3.4. Other characteristics 

The response of the bare fibre (i.e. without an Al2O3:C dosimeter
attached) shows that the so called stem effect (e.g. caused by Cerenkov radia-
tion) is less than 1.5% of the RL response for the linac radiation qualities men-
tioned above. Basic in-air experiments with 6 MV photons indicate that the
angular dependence is better than 5% (expressed as the difference in signal for
gantry angles from 0° to 270∞, with the detector at the isocentre).
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FIG. 4. OSL response to (a) 71 identical soft X ray doses and (b) 0.5 Gy delivered using
various linac beams and dose rates.



4. CONCLUSIONS

A prototype of an optical fibre luminescence dosimeter system has been
developed and tested. The system was found to be highly linear in the dose
range tested (0–3 Gy), to have an almost identical response to 6 MV and 18 MV
photons and 20 MeV electrons (the closeness of agreement is better than 1%)
and to have a short term stability better than 0.2% (expressed as one standard
deviation of repeated measurements). These characteristics, combined with the
small size of the dosimeter probe and the ability to provide real time measure-
ments of dose rate and integrated absorbed dose during or immediately after
irradiation, demonstrate a large potential for in vivo dosimetry in radiotherapy.
The high sensitivity of this technique also makes it highly suitable for applica-
tions in diagnostics and nuclear medicine.
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Abstract

Radiation therapy has seen remarkable advances in the ability to plan complex
three dimensional treatments to tumour target volumes. Intensity modulated radiation
therapy (IMRT) is one such method used to conform dose distributions to irregularly
shaped tumour volumes while minimizing the dose to nearby critical structures. IMRT
offers the possibility of high dose gradients, and it is therefore possible to deliver high
doses to target volumes while maintaining low doses to nearby critical normal structures
to a much greater extent than is the case with conventional radiation therapy.
Comprehensive quality assurance procedures are critical if IMRT is to be delivered
consistently. The Radiological Physics Center has developed a mailable anthropo-
morphic head phantom to assist in the evaluation of IMRT head and neck treatment
delivery. To improve the ability of the phantom to provide three dimensional dose
information, modifications have been made to accommodate a polymer gel dosimeter.
A gel dosimeter insert, made of Barex plastic, has been designed and constructed. The
insert can be replaced with a similar insert containing structures of water equivalent
plastics, as well as conventional dosimeters. A preliminary evaluation of the gel
dosimeter phantom insert has been conducted.
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1. INTRODUCTION

1.1. Intensity modulated radiation therapy and requirements 
for quality assurance

Radiation therapy has seen remarkable advances in the ability to plan
complex three dimensional treatments to tumour target volumes. Intensity
modulated radiation therapy (IMRT) is one such method used in cancer treat-
ments to conform doses to irregularly shaped tumour volumes while minimiz-
ing the dose to nearby critical structures [1–4]. IMRT offers the possibility of
high dose gradients, and it is therefore possible to deliver high doses to target
volumes while maintaining low doses to nearby critical normal structures to a
much greater extent than is the case with conventional radiation therapy.At the
same time, the high gradients achievable with IMRT mean that the localization
of the dose distribution is critical. Small errors in the positioning of the patient
can mean that a target volume is missed, or that a sensitive normal structure is
irradiated to a higher dose than intended, and perhaps higher than can be tol-
erated. Consequently, comprehensive quality assurance procedures are critical
if IMRT is to be delivered consistently [5].

1.2. Radiological Physics Center

The Radiological Physics Center (RPC) is funded by the United States
National Cancer Institute to assure the co-operative study groups that conduct
multi-institutional clinical trials that institutions participating in the trials have
adequate quality assurance procedures and that no major systematic dosimetry
discrepancies exist. Remote monitoring procedures include the use of mailed
thermoluminescent dosimeters (TLDs) to verify machine output, the compari-
son of an institution’s dosimetry data with RPC standard data to identify
potential discrepancies, the evaluation of reference or actual patient calcula-
tions to verify the treatment planning algorithms and manual calculations, the
review of the institution’s written quality assurance procedures and records to
verify adherence to published standards, and the use of mailed anthropomor-
phic phantoms to verify tumour dose delivery for special treatment techniques.

In some cases the RPC participates in the accrediting of institutions wish-
ing to participate in specific clinical trials. These institutions are required to
submit the details of their treatment planning capabilities, representative treat-
ment plans for benchmark cases or actual patient treatments and, in some
cases, actual measured data. Recently, several study groups have begun to
require, or encourage, the use of IMRT for the treatment of patients submitted
to some clinical trials.
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The RPC has developed a mailable anthropomorphic head phantom to
assist in the evaluation of IMRT head and neck treatment delivery. The phan-
tom currently has a dosimetry insert that uses film and TLDs to evaluate the
dose distributions. While these conventional dosimeters have well known char-
acteristics, they can only provide a one dimensional (TLD) and two dimen-
sional (film) evaluation of treatment delivery. However, it is desirable to use a
volumetric dosimeter in the evaluation of the complex distributions offered by
IMRT.

1.3. Polymer gel dosimeter

The BANG polymer gel dosimeter (MGS Research, Inc.) was chosen for
this project. BANG polymer gel dosimetry has been shown to be a promising
alternative to film and TLDs, since it allows for the three dimensional evalua-
tion of treatment planning. Previous investigations have demonstrated that
complex dose distributions can be measured and displayed accurately with the
BANG gel [6–11]. This project was undertaken to design and construct a
BANG gel insert for the RPC head and neck IMRT phantom, to provide for
volumetric dosimetry evaluations.

2. METHODS AND MATERIALS

2.1. Phantom design and construction

A cylindrical insert container made of Barex plastic was designed and con-
structed to accommodate the polymer gel dosimeter. Barex was chosen because
it has low permeability to oxygen and can be thermomoulded in accordance with
design parameters. The insert was designed to fit within the RPC head and neck
phantom in order to encompass a simulated treatment region (Fig. 1). A second
imaging insert was constructed that contained TLD and film dosimeters, which
mimicked the original imaging–dosimetry insert designed for this phantom; this
was done to facilitate a direct comparison between conventional dosimeters and
the gel. The imaging insert was designed with a primary target volume, a sec-
ondary target volume and an organ at risk that were of similar material and
geometry to that of the original block style insert (Fig. 2). Owing to the change in
the insert’s dimensions, the phantom itself was redesigned to accommodate the
insert. The cylinders had a radius of 5 cm and a depth of 8.5 cm.

An optical computed tomography (OCT) scanner was used to determine
the optical density (OD) throughout the gel and to relate the OD to the dose.
A straightforward relationship between OD and dose has been demonstrated
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previously [12]. The cylindrical design of the gel insert was chosen to facilitate
OCT densitometry.

Both the gel and imaging–conventional dosimeter inserts were fitted with
a registration pin. The pin served several purposes: (a) it ensured that the
inserts were registered within the phantom in a reproducible orientation; (b) it
served as an alignment marker for the X ray CT image taken of the phantom
with the imaging insert (which was used for treatment planning); and (c) it
served as an alignment marker for the OCT measurement and dosimetry image
reconstruction of the gel insert. The registration pin also provided a reference
for the alignment of isodose distributions (based upon X ray CT images of the
imaging insert) with the measured distributions from the gel dosimeter.

3. RESULTS

3.1. Simple treatment evaluation

An initial test was conducted to confirm the correct functioning of the
components of the phantom and the dosimetry procedure. A uniform dose was
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FIG. 1. The RPC’s redesigned IMRT head and neck phantom with imaging insert
installed. The Barex BANG gel insert is shown in the foreground.
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delivered to the gel insert while the insert was submerged in a water tank. This
allowed measured gel dose points to be compared with ionization chamber
measurements, as well as with calculated doses.

The calibration of the treatment machine, a Varian Clinac 2100C/D, was
first verified through dose output measurements made using the American
Association of Physicists in Medicine TG 51 [13] formalism. Test tubes filled
with the same batch of BANG gel were irradiated with doses of 2, 6 and 10 Gy
and were used to determine an OD versus dose response curve. One of the gel
insert canisters was also irradiated to 6 Gy. This gel provided a correction fac-
tor that accounted for volumetric dependencies affecting the OD readings. The
water tank containing the gel insert was irradiated with equally weighted par-
allel opposed 6 MV beams with a dose of 7 Gy at the isocentre. Ionization
chamber measurements were taken along the three principal axes of the water
tank, with the origin acting as the common isocentre for the ionization cham-
ber measurements, treatment planning calculations and gel measurements.

The relative dose comparisons proved to be promising, considering that
this was the first analysis using the recently commissioned OCT scanner.
Representative plots along the x (transverse) axis and the z (longitudinal) axis
demonstrated general agreement with ionization chamber measurements and
with the treatment planning calculations (Figs 3 and 4). As can be seen, the gel
measurement process was perturbed by the reflections of the laser along the

FIG. 2. The BANG gel and imaging–dosimetry inserts. Note the planning target volumes,
organ at risk and film–TLD provisions in the disassembled imaging insert.
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sides of the canister walls. As a result, only the central 70% of the canister
provided reliable data.

4. CONCLUSIONS

The phantom with gel dosimetry insert is proposed as an evaluation tool
for IMRT and for accrediting institutions participating in national clinical tri-
als. Dose distributions measured with the gel dosimeter in the simulated target
volumes and critical structure region should agree with the calculated distribu-
tions to within ±5%. Spatial localization is expected to be within 5 mm.
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Abstract

The paper describes the clinical implementation and quality assurance of intensity
modulated radiation therapy (IMRT), based on experience at the Fox Chase Cancer
Center, and reviews the procedures for the clinical implementation of the IMRT
technique and the requirements for patient immobilization, target delineation,
treatment optimization, beam delivery and system administration. The dosimetric
requirements and measurement procedures for beam commissioning and dosimetry
verification for IMRT are discussed and the details of model based dose calculation for
IMRT treatment planning and the potential problems with such dose calculation
algorithms are examined. The paper also discusses the effect of beam delivery systems
on the actual dose distributions received by the patient and the methods to incorporate
such effects in the treatment optimization process. Finally, the use of the Monte Carlo
method for dose calculation and treatment verification for IMRT is investigated.

1. INTRODUCTION

The use of computer controlled multileaf collimators (MLCs) to deliver
intensity modulated beams has provided the possibility of achieving a confor-
mal dose distribution to the tumour target while sparing nearby critical normal
structures. However, the treatment complexity with intensity modulated radi-
ation therapy (IMRT) has also greatly increased compared with three dimen-
sional conformal radiation therapy (3-D CRT). The sequences of leaf
movement and their associated effects on the dose delivered to the patient
may vary significantly, depending on the accelerator and MLC design. Careful
considerations must be given to the variation of the accelerator head scatter
component in the MLC collimated beam [1–3], the amount of photon leakage
through the leaves [4, 5], the scatter from the leaf ends, the tongue and groove
effect [4, 6] and the effect of backscattered photons from the moving jaws and
MLC leaves on the monitor chamber signal [7]. Furthermore, the inverse
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planning algorithms for plan optimization have all used approximations to
speed up the dose computation, which may introduce uncertainty in the calcu-
lated dose distributions, especially in the presence of heterogeneities. Patient
positioning and organ motion will also increase the uncertainty in the dose
delivered to the patient.All the above implies a potential problem with the pre-
diction of the dose distribution in a patient for an IMRT treatment. Proper
quality assurance (QA) procedures are needed to ensure the accuracy of treat-
ment planning and beam delivery using IMRT techniques.

The requirements for the clinical implementation of IMRT are discussed
in this paper; the treatment planning and beam delivery process, based on expe-
rience with IMRT at the Fox Chase Cancer Center (FCCC), is also described.

2. IMPLEMENTATION REQUIREMENTS

2.1. Requirements in equipment, space and shielding 

Special equipment is needed to provide IMRT functionality.This includes
software for treatment optimization and leaf sequencing and hardware for
intensity modulated beam delivery. Existing record and verify systems may
need to be upgraded to accommodate IMRT treatments. Computer networks
may need to be enlarged or improved in order to permit the file transfers
needed. Additional dosimetry equipment may be needed for the commission-
ing and ongoing QA of IMRT. It is important to have an efficient film scanning
system to accomplish these tasks. Additional phantoms may also be needed.
Extra space may be needed for additional equipment, such as computers to
host the treatment planning software and add-on collimators or dosimetry
devices. IMRT treatments require more beam-on time than conventional treat-
ments, so room shielding should be re-evaluated. Additional materials may be
needed for the secondary barriers, although not the primary barriers, owing to
the increased beam-on time [8].

2.2. Time and personnel 

Extra time and resources are needed for the initial implementation and
routine clinical operation of IMRT. The implementation team, including radi-
ation oncologists, physicists, dosimetrists, therapists, service engineers, nurses
and administrators, must work together to set up and test every step in the
IMRT process. Proper QA procedures must be implemented and special
training should be arranged for the personnel involved in the IMRT process.
These tasks will likely require an initial investment of several person-months of
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work on the part of the physics staff and other members of the implementation
team.

2.3. Treatment scheduling and billing

IMRT treatments take at least 50% longer than conventional treatments,
owing to changes in patient immobilization, target localization, beam delivery
and dosimetry verification. The staff responsible for scheduling need to be
advised of new scheduling requirements, and should be consulted early in the
implementation process so that the consequences of these changes can be
anticipated and adjustments made. Care must be given to compliance issues.
Administrators and other staff need to develop tools for cost analysis (billing)
and documentation.

2.4. Personnel training 

Personnel training and education is an essential part of the clinical imple-
mentation of IMRT. Experience gained by staff in three dimensional treatment
planning and delivery is helpful but not sufficient for IMRT, since there are sig-
nificant differences between the two that necessitate additional specialized
training. In order to use this technology safely and effectively, each member of
the IMRT team should understand the whole process. IMRT differs signifi-
cantly enough from traditional radiation therapy that it can be considered a
special procedure, necessitating didactic training for key members before they
implement this new modality in their clinics. The training curriculum for each
IMRT team member must include all the critical steps in the IMRT process. For
example, oncologists and planners should be trained to adjust the treatment
optimization parameters to steer the results in the desired direction, in order to
avoid treating a patient with a suboptimal IMRT treatment plan. Radiation
oncology physicists must have a good understanding of the mathematical prin-
ciples of dose optimization, computer controlled delivery systems and the
dosimetry issues related to small and complex shaped radiation fields.They also
need to have a better understanding of the treatment set-up, planning and
delivery uncertainties and of their impact on patients treated with IMRT.
Therapists need to be trained to use any new immobilization or localization
systems implemented in the new procedures. Performing mock procedures with
phantoms needs to be part of the process of testing the new procedures.
Therapists need to be provided with the means of knowing that the treatment
they are about to deliver is correct, verifying for themselves that the record and
verify system is running properly, knowing how to respond to unplanned
events, how to interrupt and restart a treatment and how to recover from a
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partial treatment that requires the console to be reprogrammed. Service engi-
neers must have a good knowledge of all aspects of the IMRT beam delivery
process and of the equipment required. With the co-operation of the radiation
physicist, preventive maintenance programmes should be implemented to meet
the special needs of IMRT.

2.5. Patient education 

Patient education is another important aspect of IMRT. Patients should
be informed of the goal of the treatment and of the potential side effects and
be given realistic estimates of the time required for each treatment as well as a
description of the immobilization method used and of the beam delivery
process they will experience.

3. QA CONSIDERATIONS

The IMRT technique is a major departure from the way radiotherapy is
currently delivered. The improved treatment efficacy with IMRT is associated
with increased treatment complexity and therefore requires a well established
QA programme to ensure its safe, effective and efficient operation. The fol-
lowing is a brief description of the QA considerations for IMRT, based on
experience at the FCCC.

3.1. Patient immobilization 

Adequate patient immobilization will facilitate imaging and target
localization to ensure accurate dose delivery. New immobilization devices
and techniques may be necessary to use the technology safely, such as
supplementing thermoplastic masks with a bite block fixation for head and
neck treatments and using body localizers and vacuum fixation devices for
abdominal treatments (Fig. 1). Techniques to reduce the effect of organ
motion due to breathing, such as respiratory gating, may be desired for
thoracic and abdominal lesions. Experience at the FCCC has shown the effec-
tiveness of immobilizing and marking the patient as closely as possible to the
anticipated treatment isocentre and then performing target localization prior
to a treatment, if necessary, for example using the BAT (B mode, Acquisition,
and Targeting, NOMOS Corp.) ultrasound system for prostate IMRT (see
below).
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3.2. Image acquisition and structure segmentation 

Image guidance is playing an increasingly important role in structure
segmentation, target (treatment volume) determination, inter- and intra-
fraction target localization and/or target redefinition. IMRT will require more
precise information about the target and normal tissue structures for treat-
ment planning. The use of contrast agents for computed tomography (CT) and
the registration of images from other modalities, such as magnetic resonance
imaging (MRI) or positron emission tomography (PET), that provide addi-
tional anatomical as well as functional information is therefore often needed
and may represent a change in typical practice. Figure 2 shows images from
CT, MRI and PET. MRI can provide better soft tissue contrast compared with
CT and is less affected by high Z material. The hip replacement in Fig. 2(b)
caused significant artefact in the CT image. The FCCC PET–CT scanner can
provide PET and CT image data at the same time, eliminating the uncertainty
due to image fusion. Functional imaging has been used for IMRT treatment
planning to improve target delineation for hypofractionated radiotherapy
treatments. Methods to add additional reference structures (Fig. 3) to assist
the optimization process in order to improve target dose conformity have
also been investigated [9].

FIG. 1. A body localizer with vacuum fixation for patient immobilization and reposition-
ing for stereotactic body surgery and IMRT.



3.3. Treatment planning 

Different treatment planning optimization systems have been investi-
gated at the FCCC, including the NOMOS Corvus system, the CMS FOCUS
system, the Radionics system and a Monte Carlo based inverse planning sys-
tem. Clinical protocols are established with quantitative dose criteria for dif-
ferent treatment sites, which ensures proper planning parameters and
dose–volume limits for controlling the planning process and/or direction and
for achieving an acceptable plan quickly. The FCCC has developed guidelines
and forms for physicians to communicate complex planning goals to the plan-
ners and for the planners to keep track of the parameters that have been tried
and to report the final plan results. The planning parameters and dose criteria
are modified based on experience gained.
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FIG. 2. Images obtained using different modalities at the FCCC: (a) MRI, prostate; (b) CT,
prostate; (c) PET, oesophagus; (d) CT, oesophagus. MRI can provide better soft tissue
contrast and is less affected by high Z materials. PET images can provide functional infor-
mation for target delineation.



3.4. Plan validation 

The goal of patient specific dosimetry validation is to verify that the cor-
rect dose distribution will be delivered to the patient [4, 10, 11]. This QA pro-
cedure ensures that the plan has been properly computed and that the leaf
sequence files and treatment parameters charted and/or stored in the record
and verify system are correct and will be executable. The items checked before
the first treatment include:

(a) Monitor units (the absolute dose at a point): using an ionization chamber
in a phantom.

(b) MLC leaf sequences or fluence maps: using film or digital imaging
devices.

(c) The relative dose distribution: using film or a dosimeter array (e.g. ther-
moluminescent dosimeters and ionization chambers).

(d) Collision avoidance: performing a dry run before treatment.

Figure 4 compares doses predicted by the Corvus treatment planning sys-
tem with those measured using an ionization chamber for over 300 IMRT
patients. The FCCC results showed that the differences were within 1% for
41.9% of the cases and within 2% for 78.3% of the cases. Differences of more
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FIG. 3. Circular reference structures with different dose criteria are added around the
prostate to assist treatment optimization to improve dose conformity.



than 3% were investigated individually to ensure the accuracy of the dose dis-
tribution. So far direct measurements have been performed on all the IMRT
plans. However, reliable independent dose calculation methods for dosimetry
QA are also being developed [12, 13]. Most treatment optimization systems
use simple dose calculation algorithms to compute the beamlet dose distrib-
utions used by the inverse planning process, which may introduce significant
uncertainty in the optimized dose distribution, owing to the presence of het-
erogeneities, especially near tissue–air, tissue–lung and tissue–bone inter-
faces. For example, the commonly used finite sized pencil beam algorithm can
modify the beamlet dose distribution based on equivalent path length, but it
does not handle the dose perturbation due to electron transport at beam
edges and near interfaces. Simplified algorithms–models are also used to
account for the effect of photon scatter in the treatment head and leakage
through the collimators. Some treatment planning systems implement more
accurate dose algorithms, such as superposition convolution and Monte Carlo
simulations for the final dose calculation after the MLC leaf sequences have
been determined, in order to correct for the photon leakage effect. The FCCC
has developed a Monte Carlo dose verification tool for IMRT QA, which may
partially replace the phantom monitor unit check and the relative dose mea-
surement with film.
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FIG. 4. Comparison of doses predicted by the Corvus treatment planning system and mea-
sured by an ionization chamber in a phantom.



3.5. Position verification and target localization 

Position verification is critical for IMRT, both for the initial plan valida-
tion and for subsequent IMRT treatments. The goal is to verify that the treat-
ment isocentre matches the planned isocentre. Positioning techniques based
on bony structures provide adequate positioning accuracy for head and neck
and spinal areas. Specially designed imaging systems based on ultrasound, CT
and optical and radiographic detectors may be used for soft tissue target
localization. The BAT ultrasound system (Fig. 5) has been shown to be an
effective and efficient target relocation device for a prostate treatment set-
up. The positioning accuracy is about 3 mm for the more than 3000 patients
investigated. An extra 3–5 min is added to the treatment time and an IMRT
prostate treatment is scheduled for 20 min.The FCCC has acquired a Siemens
CT on rails system (a CT machine in the treatment room) for targets any-
where in the body (Fig. 6), which uses either bony structures or surgically
inserted fiducial markers. A 2 mm accuracy is expected using this unit for
body surgery and for hypofractionated IMRT treatments. A body localizer
with vacuum fixation (Fig. 1) will reduce the movement of internal organs for
high precision beam delivery for stereotactic body surgery or stereotactic
IMRT. A CyberKnife system (Accuray) is being investigated for extracranial
sites, including the prostate, lung, liver and pancreas, which uses a combined
optical and radiographic system to correlate the movements of markers on
the surface of the patient and the internal organs. Based on the real time
organ motion, information dynamic target tracking can be performed. A 5
mm (2s) accuracy may be achieved using such real time image guidance for
breast, thoracic and abdominal treatments.

3.6. Treatment delivery 

There are several ways to deliver intensity modulated beams for IMRT,
including dynamic MLC beam delivery, segmented beam delivery using static
MLCs, intensity modulated arc therapy and compensator based IMRT. The
Siemens SMLC (static MLC) is used at the FCCC to deliver intensity modu-
lated fields. The FCCC treatment time for the prostate is 20 min for IMRT,
compared with 15 min for 3-D CRT. The treatment time for the head and neck
is variable, from 20 min to 40 min, depending on the complexity and number of
field segments. A Radionics mMLC with a 4 mm leaf width is used for stereo-
tactic body surgery and IMRT.The CyberKnife system uses a 6 MV X band linac
mounted on a robotic arm, and is being investigated for hypofractionated
treatments of the prostate, liver, pancreas and lung.
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FIG. 5. The BAT ultrasound system for soft tissue target localization.

FIG. 6. The Siemens CT on rails system for IMRT target localization.



4. SUMMARY

IMRT is an advanced form of 3-D CRT. The clinical implementation of
IMRT needs much more work than that needed to implement 3-D CRT. This
is only the first step in bringing this modality into the clinic. More effort is
needed to keep it running smoothly and to keep pace with upgrades and
future enhancements in IMRT technology. IMRT is an integrated process and
is rapidly evolving. The QA programme for IMRT treatment planning and
beam delivery will change with time to include the various new issues that will
arise.
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Abstract

In the framework of a European Society for Therapeutic Radiology and
Oncology project on the quality assurance of treatment planning systems and intensity
modulated radiation therapy (IMRT), radiotherapy institutions from nine European
countries combined their efforts in designing and testing a new methodology for
applying these tools in a safe and consistent way in the clinic. In the first part of the
project a limited number of tests have been designed that should be carried out before
a treatment planning system is used clinically. In the second part of the project the
participating institutions will carry out tests for the verification of IMRT techniques for
prostate cancer and head and neck tumours. The preliminary experience in applying
these tests shows the necessity of having uniform guidelines for both purposes.

1. INTRODUCTION

A computerized treatment planning system (TPS) is an essential tool in
designing the radiotherapeutic treatment of a cancer patient. Although there
are a number of reports on the quality assurance (QA) of the treatment
planning process [1–5], only limited information is available on how to perform
QA tests for a TPS in a systematic and efficient way. Particularly with respect
to the three dimensional (3-D) aspects of planning systems, there are currently
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no practical recommendations to guide a user in performing specific tests
before implementing a 3-D TPS in clinical use.Two organizations, the IAEA [6]
and the Nederlandse Commissie voor Stralingsdosimetrie (NCS) [7], are in the
process of designing these types of test, but it might be expected that their rec-
ommendations require too many resources to allow for application in all radio-
therapy institutions. For that reason it was decided that the European Society
of Therapeutic Radiology and Oncology (ESTRO) would start two activities in
the field of the QA of a TPS. First there is a need for a minimum number of
tests to be performed in those institutions that have only limited resources.
These tests should not be too cumbersome to perform and should cover the
most essential parts of a TPS required for accurately planning the established
conformal radiotherapy techniques to be used.

A rapidly increasing number of institutions have started the clinical intro-
duction of intensity modulated radiotherapy (IMRT), a new form of conformal
radiotherapy. By varying the beam intensity over a treatment field it is possible
to deliver the radiation dose to conform more closely with irregularly shaped
target volumes. In this way it is possible to deliver a higher dose to the tumour,
while at the same time reducing the dose to the volume of surrounding healthy
tissues. A high geometric and dosimetric accuracy is required for these
advanced techniques. The acceptance testing of the IMRT TPS, as well as the
verification of the delivery of these IMRT dose distributions, is therefore a pre-
requisite for the safe application of IMRT (see, for example, Ref. [8]). Various
types of QA test are in use in individual institutions, but no internationally
accepted guidelines are yet available. It is the second aim of this ESTRO
project to design tests and to provide guidelines for the verification of IMRT
techniques.

2. METHODS

The QUASIMODO (quality assurance of intensity modulated beams in
radiation oncology) ESTRO project can be divided into two interrelated parts.

2.1. Part 1: Drafting a list of essential tests for a TPS

These recommendations are intended for all institutions applying confor-
mal radiotherapy, including centres that have limited resources, use old releases
of commercial software or apply non-standard TPSs. Recommendations should
consider both the geometric and dosimetric aspects of a TPS, as formulated by
other committees drafting guidelines for the QA of a TPS. For example, work-
ing groups of the IAEA [6] and the NCS [7] are preparing a report on accep-
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tance testing, commissioning and the QA of computerized radiation treatment
planning. Since the aim of the ESTRO project is more restricted than that of
the IAEA or the NCS, only some parts of these reports, related to practical
tests, have been used as a starting point for the ESTRO activities. This part of
the project will mainly be performed in Amsterdam.

2.2. Part 2: The verification of static and dynamic IMRT fields

An interesting and extremely timely activity is the verification of newly
designed IMRT techniques for which general guidelines are not yet available. It
is not sufficient for this activity to test the accuracy of the TPS alone. The vari-
ous parts of the chain of an IMRT procedure, such as the design of the IMRT
beam profile, the sequencing of the position of the leaves and the actual deliv-
ery of the dose by the treatment machine, are interrelated. This activity there-
fore concerns the development of procedures for the verification of specific
IMRT applications using data measured on various treatment machines. In
principle there are two ways of delivering IMRT profiles: the use of static or
segmental multileaf collimator (MLC) fields, often called the step and shoot
method, and the dynamic use of MLC leaves, of which the sliding window tech-
nique is the most commonly employed method.

IMRT techniques of varying degrees of complexity for the treatment of
prostate cancer and head and neck tumours will be designed and tested in this
part of the project. It was decided to verify the end product (i.e. the complete
treatment delivery, not the dose distributions delivered by the individual fields
separately). A phantom was made in Ghent specifically for this project (the
CarPet phantom) to verify IMRT treatments of prostate cancer (Fig. 1). This
phantom, as well as a set of photographic films, will be sent to each of the par-
ticipating centres. Inside the phantom are some inserts for positioning an ion-
ization chamber for absolute dose measurements, for the purposes of
normalizing the film data.

All institutions will be asked to design an IMRT technique using their
specific software and hardware, applying the same set of dose–volume criteria.
For the prostate case these are: the planning target volume (PTV) should
receive a mean dose of 200 cGy, which should be given as uniformly as possible
(i.e. less than 10% of the PTV should receive a dose of less than 190 cGy, and
less than 5% more than 210 cGy). The dose in the organ at risk (OAR) should
not exceed 140 cGy, and not more than 10% of the volume of the remaining tis-
sues should receive a dose higher than 160 cGy, while the maximum dose
should be less than 200 cGy. It can be expected that some centres will deliver
these fields with the static IMRT method, while others will apply the dynamic
IMRT technique. The maximum delivery time for both techniques should be
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less than 20 min. This part of the project, including the film processing and data
analysis, will mainly be performed in Ghent. The experience obtained with the
prostate case will be used to design a second phantom to be used for the verifi-
cation of the IMRT of head and neck tumours.

3. RESULTS

3.1. Review of the current status of IMRT

The project started on 1 August 2001, and is funded for a period of two
years. In order to have an overview of the current status of IMRT in the insti-
tutions participating in the QUASIMODO project, a questionnaire was dis-
tributed, and was returned by 13 participating centres. Information was
provided concerning the delivery technique, the computer optimization soft-
ware, the type of objective functions, the leaf sequencer software, the software
for the calculation of the dose distribution and monitor units, the phantoms and
dosimetry systems applied for verification and clinical experience. A general
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FIG. 1. Transversal and sagittal view of the CarPet phantom used for the verification of
IMRT treatments of prostate cancer. Indicated are the PTV (in yellow) and an OAR (in
red), which have to be considered in the optimization process. Films can be put between
any of the 1 cm thick polystyrene slabs.
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conclusion drawn from this survey was that all major accelerator and TPS man-
ufacturers are represented in the QUASIMODO project. As a consequence, it
will be possible to compare most IMRT optimization–delivery combinations
that are currently possible to apply clinically.

From the answers to the questionnaire it also became evident that until
now most institutions have used IMRT to treat patients with prostate and head
and neck cancer. Phantoms will therefore be designed to verify the techniques
as applied in the participating institutions for these treatment sites.

3.2. Drafting a list of essential tests for a TPS

In order to estimate the usefulness and workload involved in applying
QA tests for a TPS, the examples given in Ref. [7] were applied to a commer-
cial TPS (Pinnacle, Philips ADAC Laboratories) recently installed in the
Netherlands Cancer Institute for research purposes. Table I shows some of the
tests that have been performed to verify the correctness of the anatomical
description of the patient in the TPS. These tests, taken from chapter 2 of Ref.
[7], are presented to ensure that the data for building an anatomical description
are correctly linked to the specific patient, that the input of data, for example
images, constituting the anatomical description is correct and that the anatom-
ical description itself is correct.

TABLE I. EXAMPLES OF TESTS PERFORMED TO VERIFY THE 
CORRECTNESS OF THE ANATOMICAL DESCRIPTION OF THE
PATIENT IN A TPS 
(taken from Ref. [7])

Basic patient entry
Image conversion,

Anatomical structures
input and use

Two patients with the same A patient data set with a A new structure with a 
last name duplicated slice name that already exists

Two patients with the same Various slice thicknesses Correct geometry in 
identification number automatic contouring

The same patient twice Computed tomography Addition of a margin in
number representation axial slices

The same patient with Patient orientation 3-D surface computation,
two different targets volume check

Deletion of the patient Geometry of reconstructed Structure expansion
images



The preliminary results have already demonstrated some of the limita-
tions of this particular TPS, for example with respect to the input of patient
data. Another observation was that the time involved in performing these tests
is substantial. For instance, testing the anatomical description and beam descrip-
tion took several person-months, while currently a lot of effort is put into per-
forming the dosimetric tests. Obviously a selection of the most important tests
is necessary.

3.3. Verification of static and dynamic IMRT fields

The performance of the CarPet phantom has been tested in three centres.
After adapting the phantom and modifying the procedure slightly, the phan-
toms will now be distributed to all participating centres. The IMRT plans and
the irradiated films, as well as the results of the ionization chamber measure-
ments, will be sent to Ghent for analysis. Software has been developed to com-
pare in a number of slices the calculated and measured dose distributions. The
ionization chamber measurements will allow for a renormalization of the film
measured dose distributions. A combination of a spatial criterion (e.g. 3 mm)
and a dosimetric criterion (e.g. 3%) is implemented in accordance with the
gamma concept, as introduced by Low et al. [9]. The resulting maps can be laid
over the computed dose distributions, possibly indicating regions where the
criteria were not met.

4. CONCLUSIONS

A preliminary conclusion from the work done so far is that a clearer
separation has to be made between tests to be performed by the vendor of a
specific TPS, by user groups (test sites) of that system and by an individual user.
It is therefore necessary to strive for a close co-operation with the vendors of
TPSs at a later stage of the project, to get their input and comments on these
proposals. Performing the proposed tests by users of various TPSs seems very
useful before distributing the recommendations on a larger scale, which will
most likely be done in the form of an ESTRO booklet.

An interesting observation from the survey on the current status of IMRT
in Europe was that almost every institution applied its own phantom–dosimetry
systems for the verification of treatment delivery. An evaluation of these meth-
ods, as well as of the methodology applied in this project, followed by drafting
of general guidelines by ESTRO for the QA of IMRT planning and delivery,
therefore seems the logical next step.
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Abstract

Two sources of uncertainty in the X ray computed tomography imaging of
polymer gel dosimeters are investigated in the paper. The first cause is a change in post-
irradiation density, which is proportional to the computed tomography signal and is
associated with a volume change. The second cause of uncertainty is reconstruction
noise. A simple technique that increases the residual signal to noise ratio by almost two
orders of magnitude is examined.

1. INTRODUCTION

There is a requirement to measure accurately three dimensional radia-
tion dose distributions in radiotherapy, which has led to a growing body of
research in the use of polymer gel dosimeters [1]. It has been shown that a
post-irradiation change in the linear attenuation coefficient, m, of a polymer
gel dosimeter can be measured by the use of X ray computed tomography
(CT) [2, 3]. This paper examines two aspects of spatial uncertainty in the CT
of polymer gel dosimeters. The first is spatial uncertainty within the dosime-
ter and the second is uncertainty within the image of the gel.

It has been postulated that the change in m may be primarily due to a
change in physical density, r, of the polymer gel dosimeter [4]. To investigate
spatial uncertainty in the dosimeter itself the relationship between m and r was
examined and the implications of a density change in relation to spatial resolu-
tion were considered.

CT scanner settings and the reconstruction matrix size can affect both the
noise and the spatial resolution in an image. The field of view (FOV) and its
effect on both spatial resolution and noise in a CT image of a polymer gel
dosimeter was examined.
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2. METHODS AND MATERIALS

2.1. Polymer gel dosimeter spatial resolution

The linear attenuation coefficient, m, and physical density, r, were measured
in polymer gel dosimeters irradiated to various doses.The polymer gel dosimeter
was comprised of 5% gelatin (Sigma Aldrich), 3% acrylamide (Sigma Aldrich),
3% N,N¢-methylene-bis-acrylamide (Sigma Aldrich) and 89% water. The gels
were manufactured in a glovebox using a method previously described [3, 5]
and poured into either polystyrene spectrophotometry cuvettes (Sigma
Aldrich), for attenuation measurements, or volumetric flasks with capillary
stoppers, for density measurements. Three batches of polyacrylamide gel
(PAG) dosimeter were produced, as shown in Table I.

The linear attenuation coefficient was measured using a collimated beam
of 59.54 keV photons from an 241Am source. This energy was selected as it is
close to the typical effective energy (not peak energy) of a clinical CT scanner;
m was also measured for deionized distilled water, for the calculation of the CT
number. The detector was a high purity germanium detector (EG&G Ortec).
Background counts were subtracted from the recorded counts and the remain-
der was normalized in accordance with a count taken at each set of measure-
ments. A diagram of the apparatus is shown in Fig. 1.

The linear attenuation coefficient was calculated as the gradient of a
weighted least squares fit (Fig. 2), with the path length of the radiation through
the polymer gel dosimeter, t, being the abscissa and the ordinate y being:

(1)
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TABLE I. BATCHES OF POLYMER GEL DOSIMETER
MANUFACTURED

Sample Parameter measured Day of measurement (post-irradiation)

PAG1 m and r 13–21 (r and m measured on same day
for each data point)

PAG2 m 19–25

PAG3 r 3

1

2 0

( )
ln

( )
C A B

y
C A B

Ê ˆ-
= Á ˜-Ë ¯



where A is the counts with water or polymer gel dosimeter in the apparatus,
A0 is the counts with empty cuvettes in the apparatus, B is the background
counts, and C1 and C2 are the values of the normalization counts. A0 was mea-
sured for each number of cuvettes used; for example, for t of 2 cm, A0 was
measured with two empty cuvettes to allow for attenuation by the cuvettes
themselves. The uncertainty in y was calculated by a first order Taylor
expansion of Eq. (1) [6].

Density was measured three days post-irradiation using glass density
flasks with capillary stoppers. The mass of the flasks was determined empty,
containing gel only, containing gel and the remainder filled with water, and
filled with water only. Measurements were made at room temperature (24∞C).
The density of the gel was calculated as:
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(2)

where rgel is the density of the polymer gel dosimeter, rwater is the density of
water, mtot is the mass of water that the flask can hold, mwat is the mass of water
required to fill the flask when containing gel and mgel is the mass of gel in the
flask. Uncertainty was calculated using a first order Taylor expansion of Eq. (2)
[6].

2.2. Image spatial resolution

Two simulations were performed to examine the effects on noise of dif-
ferent pixel sizes in the final image. Projection data through a homogenous
circle were simulated using Matlab software (Mathworks, Inc.).

In the first simulation projection data of 1024 ray sums per projection with
720 projections were produced, and various levels of Gaussian noise were added.
The noisy projection data were grouped into pairs of ray sums and pairs of pro-
jections, which were averaged, producing data with 512 ray sums per projection
and 360 projections. The process was repeated with groups of four ray sums and
four projections to produce data with 256 ray sums per projection and 180 pro-
jections.All sets were produced from the original data set, ensuring that the same
random numbers used in the noise generation were applied to all data sets rep-
resenting the same simulated photon fluxes.The images were then reconstructed.

In the second simulation the first reconstructed image from the first sim-
ulation was used (the image reconstructed from the 1024 ray sum per projec-
tion data). In this simulation pixels in the reconstructed image were grouped
into 2 × 2 pairs and 4 × 4 pairs and averaged within each group to produce
larger pixels.

Both simulations produced images of the same size; however, the first
simulation represents grouping of data prior to reconstruction (FOV settings
varied on the scanner), and the second simulation represents grouping of data
after reconstruction (post-acquisition).

3. RESULTS 

3.1. Polymer gel dosimeter spatial resolution

Figures 3(a) and (b) show m for PAG1 and PAG2 as a function of dose.The
inserts show the calculated CT numbers. A biexponential curve is fitted to the
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data. The behaviour has been discussed previously in the context of magnetic
resonance imaging measurements [7]. At high doses the asymptotic behaviour
is due to monomer consumption, while the non-linear behaviour at low doses
can be attributed to the presence of inhibitors, such as oxygen, which compete
with the polymerization reaction [7].

Figures 4(a) and (b) show the measured r for PAG1 and PAG3 with biex-
ponential curves fitted to the data. These figures show that the density of the
polymer gel dosimeters appears to increase in a fashion that can be approxi-
mated as linear with dose to approximately 20 Gy, with further increases in
density before reaching an upper plateau of density after approximately 30 Gy.

Figure 5(a) is a plot of m against r for PAG1 and Fig. 5(b) is a plot of m for
PAG2 against r of PAG3. A weighted least squares linear fit is shown. The least
squares fit in Fig. 5(a) has a P value of <0.0001 and an r2 value of 0.99605 and
Fig. 5(b) has a P value of <0.0001 and an r2 value of 0.99953. This indicates that
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the function relating absorbed dose to density is proportional to that of the
linear attenuation coefficient. Figure 5(b) shows that the linearity remains
when the data for m and r are that of different batches and measured at
different times.

The change in m is proportional to an increase in r of the polymer gel
dosimeter.The increase in r of the polymer gel dosimeter during irradiation may
introduce uncertainties in the absorbed dose as the radiation attenuation prop-
erties change. There is no mass lost from the gel during irradiation, therefore the
increase in density must be related to a reduction in the volume of the irradiated
gel. Initial measurements indicate that the change in volume is within acceptable
levels for meeting the spatial resolution requirements of International
Commission on Radiation Units and Measurements Report 42 [8].

3.2. Image resolution

The results of the effect of reconstruction matrix size on noise can be seen
in Figs 6(a) and (b). The figures represent noise as the signal to noise ratio
(SNR) prior to and after reconstruction. The portion of the figures with a pre-
reconstruction SNR below approximately 106 represents stochastic noise typical
in a CT image. The portion with a greater pre-reconstruction SNR represents
CT images with very little stochastic noise, such as when several images are
averaged together (effectively increasing the mAs) [2, 3]. The stochastic noise
regions of Figs 6(a) and (b) behave as expected (i.e. as noise in the projections
decreases so does noise in the final image).The figures show that there is a limit
to the attainable SNR, due to an underlying noise component, which has been
known since the 1970s [9] (the cause of this noise will be examined in future
work).
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A comparison of Figs 6(a) and (b) shows that in the stochastic noise
region there is little difference between averaging before and after reconstruc-
tion; however, there are significant differences in the region of low noise rep-
resenting high mAs or image averaging. Grouping of data after reconstruction
gives a greater SNR in all cases, representing a lower noise level in the final
image. A comparison of the 256 data between the figures shows that there is an
improvement of almost two orders of magnitude. These data show that, when a
large number of images are averaged together in the CT of gel dosimeters, bet-
ter results will be achieved if images are acquired using the smallest pixel size
settings available on the scanner, with the final image then reduced to the spa-
tial resolution required for the particular application by grouping pixels into
blocks. For example, if a 1 mm spatial resolution is required in the final gel
dosimeter image and the scanner is capable of a 0.5 mm resolution, then the
images should be acquired at a 0.5 mm resolution and then grouped to 1 mm to
reduce noise.

4. CONCLUSION

It has been shown that the change in m that gives rise to the CT signal is
proportional to an increase in r. The increase in r will introduce uncertainties
in the absorbed dose distribution within a polymer gel dosimeter, regardless of
the imaging modality. To reduce noise when imaging a polymer gel dosimeter
with CT, the image should be acquired at the smallest pixel size setting avail-
able on the scanner. The pixels should then be grouped, in order to meet the
spatial uncertainty requirements of the particular application.
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Abstract

The effect of polymer gel dosimeter composition, temperature and ultrasonic
signal frequency on ultrasonic dose response was investigated. Ultrasonic attenuation
and speed were measured in PAG and MAGIC polymer gel dosimeters to assess the
effect of dosimeter composition on dose response. Ultrasonic attenuation and speed
were also determined in PAGs for a range of temperatures (10–25ºC) and the
ultrasonic attenuation coefficient was measured for three different ultrasonic
frequencies (25.7, 46.3 and 66.2 MHz). Variations in dosimeter composition,
temperature and ultrasonic frequency were found to alter the dynamic range and dose
sensitivity of ultrasonic dose response curves, as well as the absolute values of speed
and attenuation.

1. INTRODUCTION

Advances in radiotherapy treatment techniques such as intensity modu-
lated radiotherapy are placing increasing demands on radiation dosimetry for
the verification of dose distributions in three dimensions. In response, polymer
gel dosimeters capable of recording dose distributions in three dimensions are
currently being developed. A new technique for the evaluation of absorbed
dose distributions in these dosimeters using ultrasound was recently introduced
[1]. Ultrasound attenuation and speed were shown to vary with absorbed dose
over a large dynamic range (up to 50 Gy). This work demonstrated the poten-
tial of ultrasound for the evaluation of polymer gel dosimeters. The full poten-
tial of ultrasound evaluation techniques, however, is yet to be realized, as this
method of investigation has not been optimized.
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Ultrasound evaluations of polymer gel dosimeters may be optimized
through a variation of dosimeter composition and temperature. Magnetic reso-
nance imaging (MRI) evaluations of these dosimeters have shown dosimeter
dose response to vary with dosimeter composition and evaluation temperature
[2, 3]. As the ultrasonic properties of materials can be significantly affected by
a material’s structure and temperature it is predicted that the ultrasonic dose
response of polymer gel dosimeters will also be affected by variations in
dosimeter formulation and temperature [4]. The ultrasonic dose response of
polymer gel dosimeters may also be affected by the ultrasonic signal frequency,
as both ultrasonic attenuation and speed can be frequency dependent [5].

The work described in this paper investigates the effect of changes in
polymer gel dosimeter composition, temperature and the frequency of the
ultrasonic signal on the ultrasonic dose response. Specifically, the dose response
of polyacrylamide gel (PAG) dosimeters and a normoxic gel dosimeter
(MAGIC gel) were compared to assess the effect of dosimeter composition on
the ultrasonic response. PAG samples were also investigated as a function of
dose for a range of dosimeter temperatures and ultrasonic frequencies.

2. EXPERIMENT

2.1. Polymer gel preparation

A batch of PAG with a formulation of 3% acrylamide, 3% N,N¢-methyl-
ene-bis-acrylamide, 5% gelatin and 89% water by mass was prepared in a nitro-
gen filled glovebox, the details of which may be found elsewhere [6]. Once
prepared the gel was poured into polystyrene spectrophotometer cuvettes and
sealed in nitrogen filled glass tubes to prevent oxygen contamination. A batch
of MAGIC gel consisting of 9% methacrylic acid by weight was manufactured
on the bench top, details of which can be found elsewhere [7, 8]. MAGIC gel
was also poured into polystyrene spectrophotometer cuvettes; however, the
MAGIC gel samples were not sealed in glass tubes, as MAGIC gel responds to
ionizing radiation in the presence of oxygen. Once set, the PAG and MAGIC
gel samples were irradiated with up to 50 Gy using a Gammacell 200 60Co irra-
diation facility, which had previously been calibrated [9].

2.2. Single frequency ultrasound experiments

Ultrasonic measurements were performed in a water tank, the tempera-
ture of which could be controlled to within 0.1ºC (Fig. 1). Samples were placed
in the tank one at a time in a reproducible position. An ultrasonic transducer
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(Panametrics A310S, Panametrics, Inc.) was coupled with ultrasound transmis-
sion gel (Aquasonic 100, Parker Labs, Inc.) to one end of the tank. A single
cycle sinusoid was transmitted by the transducer at its resonant frequency (~4
MHz).The resulting reflected signals from the cuvette and polymer gel dosime-
ter interfaces were received by the transducer and recorded on a digitizing
oscilloscope (Tektronics TDS 220). Digitized signals were transferred to a com-
puter and analysed to determine the ultrasonic attenuation and speed.
Attenuation and speed measurements were made at 10, 15, 20 and 25ºC.

2.3. Ultrasound interferometer experiments

The dependence of ultrasonic attenuation on ultrasonic signal frequency
was investigated using a pulsed ultrasonic interferometer operating at frequen-
cies of 25.7, 46.3 and 66.2 MHz [1]. The interferometer consisted of a sample
cell, tuneable transmitting and receiving ultrasonic transducers and a delay rod
to adjust the path length between the two transducers. Ultrasonic attenuation
was measured as a function of dosimeter path length, allowing the ultrasonic
attenuation coefficient, a, to be determined. Measurements were performed at
room temperature (20ºC).

IAEA-CN-96/123P 399

Signal
generator Oscilloscope PC

Transmitting/receiving
transducer

Base plate
Polymer gel
in cuvette

Water filled
container

FIG. 1. Experimental set-up for single frequency ultrasound experiments.



3. RESULTS AND DISCUSSION

The variation of ultrasonic attenuation with absorbed dose is shown in
Fig. 2 for PAG and MAGIC gel. Ultrasonic attenuation is seen to increase with
absorbed dose over the full dose range for both formulations. In PAG the ultra-
sonic attenuation increases in a quasi-linear fashion up to approximately 15 Gy,
with an ultrasonic attenuation dose sensitivity of (3.9 ± 0.3) dB/m/Gy, while the
quasi-linear region for MAGIC gel extends up to approximately 50 Gy, with an
ultrasonic attenuation dose sensitivity of (4.7 ± 0.3) dB/m/Gy.The overall atten-
uation found in MAGIC gel was greater than in PAG. The change in attenua-
tion with dose in MAGIC gel was also greater than in PAG, as indicated by the
dose sensitivity. The change in polymer gel dosimeter composition resulted in
changes in the overall value of ultrasonic attenuation, dose sensitivity and the
dynamic range of the attenuation dose response curve.

The variation in the ultrasonic speed of the propagation of bulk longitu-
dinal waves in polymer gel dosimeters with absorbed dose is shown in Fig. 3.
The ultrasonic speed is found to vary with absorbed dose for both formulations;
however, there is a significant difference in the way it varies for the two dosime-
ter formulations investigated. Ultrasonic speed decreases with absorbed dose
in PAG, while speed increases with absorbed dose in MAGIC gel. The decrease
in ultrasonic speed in PAG continues up to approximately 30 Gy, with an ultra-
sonic speed dose sensitivity of (–0.44 ± 0.02) m/s/Gy, while the increase in ultra-
sonic speed in MAGIC gel continues over the full dose range investigated, with
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a dose sensitivity of (0.178 ± 0.006) m/s/Gy.These results show that the ultrasonic
dose sensitivity and dynamic range are significantly affected by the dosimeter
composition. The different sensitivities of ultrasonic speed to radiation for PAG
and MAGIC gel indicate fundamental differences in the two dosimeter formula-
tions. Such differences have not been detected previously in MRI investigations.

The variation of ultrasonic attenuation with absorbed dose for different
dosimeter temperatures is shown in Fig. 4. Ultrasonic attenuation increases
with absorbed dose for all the dosimeter temperatures investigated.
Attenuation is highest for the lowest dosimeter temperature investigated. Dose
sensitivity is found to be affected by dosimeter temperature, with dose sensitivity
increasing with a decrease in temperature for the samples investigated. For exam-
ple, the ultrasonic attenuation dose sensitivity at 10ºC, (2.5 ± 0.3) dB/m/Gy, is
higher than that at 25ºC, (1.0 ± 0.3) dB/m/Gy. From a practical point of view, the
dosimeter temperature is relatively easy to control, and might be a convenient
way to vary the dose sensitivity.

The dependence of ultrasonic speed on absorbed dose for a range of
dosimeter temperatures is shown in Fig. 5. Ultrasonic speed is temperature
dependent, with ultrasonic speed being highest at 25ºC. The observed increase
in ultrasonic speed with increase in temperature follows the variation of ultra-
sonic speed with temperature in water. The similarity in the response of the
dosimeters to water is not unexpected, owing to the high water content of the
dosimeters (~90%). Ultrasonic speed dose sensitivity is not as sensitive to
temperature changes as ultrasonic attenuation dose sensitivity.
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Figure 6 shows the variation of the ultrasonic attenuation coefficient with
absorbed dose for three different ultrasonic frequencies. The attenuation coef-
ficient is highest at 66.2 MHz and lowest at 25.7 MHz. Dose sensitivity is also
found to be frequency dependent, with an increase in frequency from 25.7 MHz
to 66.2 MHz resulting in the ultrasonic attenuation coefficient dose sensitivity
almost doubling. The ability to vary dose sensitivity is attractive from a dosime-
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try point of view; however, an increase in frequency is accompanied with an
increase in attenuation, so a compromise between the dose sensitivity and the
signal to noise ratio must be found.

4. CONCLUSION

This work has demonstrated that the ultrasonic dose response of polymer
gel dosimeters can be altered by dosimeter composition, temperature and the
frequency of the ultrasonic signal. Specifically, this work has shown that the
dynamic range and dose sensitivity of ultrasonic dose response curves can be
changed. Also, the absolute values of speed and attenuation can be altered. An
understanding of how ultrasonic dose response curves can be altered will assist
the further advancement of ultrasound evaluation techniques of polymer gel
dosimeters. Future work involves the development of an instrument capable of
imaging dose distributions with ultrasound.
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Abstract

Electron paramagnetic resonance (EPR) dosimetry with the amino acid alanine
as the dosimeter material is widely used for transfer dosimetry, mostly for 60Co gamma
irradiation. The alanine dosimeters are nearly water equivalent, and, with the efforts of
recent years to improve accuracy for low doses, the EPR alanine dosimetry system
represents a promising candidate for clinical application. Cobalt-60 gamma irradiation
is often used for calibrating the alanine dosimetry system to make it traceable for that
energy. As the photon energies used in radiation therapy are often different from those
of 60Co, it is important to verify if the dose to water response of alanine dosimeters
varies with photon energy. In the work described in the paper the dose to water response
of alanine dosimeters (containing polyethylene as a binder) was investigated
experimentally using three photon X ray beams of 10, 20 and 30 MV, with 60Co gamma
rays (1.25 MeV) as a reference.The doses delivered ranged from 8 Gy to 54 Gy and were
determined for all the beams using calorimetry. All irradiations were performed at the
National Research Council in Ottawa, Canada, whereas all EPR measurements and the
analysis were performed at the EPR laboratory at the University of Oslo, Norway.
Comparing the dose to water responses averaged for the three high energy photon
qualities to that of 60Co gamma rays gave a dose response reduction of 0.8%. Thus it is
concluded that the EPR alanine dosimetry system may have a small energy dependence
in the relative dose to water response averaged over the X ray beams investigated, as
compared with 60Co gamma rays.
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1. INTRODUCTION

Over some decades electron paramagnetic resonance (EPR) dosimetry,
using alanine as the dosimeter material, has gained popularity as a dosimetry
system for measuring high doses of ionizing radiation, and the dosimeter sys-
tem has been used as a transfer system for 60Co gamma rays by the IAEA,
among others [1]. There are several advantages of the EPR alanine dosimetry
system: the radiation induced radicals are quite stable [2]; the dose to water
response versus dose is constant up to about 5 kGy [3]; and the radiation sen-
sitivity is rather high. Furthermore, the dosimeters are physically robust and
fairly small in size. These facts make the EPR alanine system suitable for
mailed dosimetry.

The EPR powder spectrum from amorphous alanine pellets or other
types of disordered alanine samples is used for dose monitoring, commonly
using the peak to peak amplitude of the central spectral line as the dose probe.
It has recently been shown that at least three different radicals are formed and
stabilized in alanine following irradiation with X rays at room temperature [4].
The three radicals contribute, in different degree, to the central EPR line [5].

Efforts have been made to enhance the accuracy as well as the reporting
of statistical uncertainties in EPR alanine dosimetry [6, 7]. Depending on the
composition and physical properties of the dosimeter material, the reading of
the dosimeter material per dose absorbed in water may vary with changes in
the quality of the radiation beam. Since the composition of alanine is nearly
water equivalent, EPR alanine dosimetry offers promise as a suitable system to
provide quality assurance measurements of the doses associated with radio-
therapy. Cobalt-60 gamma ray beams (1.25 MeV) are usually used for the calib-
ration of EPR alanine dosimetry. For those cases when transferring this
dosimetry system to other radiation qualities, it is important to investigate any
radiation energy dependence for the alanine reading per dose to water relative
to that for photons of 60Co; otherwise, neglecting the possible energy depen-
dence of a dosimetry system may introduce systematic errors in the measured
dose.

Others have previously investigated the behaviour of alanine with respect
to different radiation qualities [8–11]. Olsen et al. [10] found a small energy
dependence for 4–16 MV X rays compared with 60Co, which could be corrected
for by very simple theoretical approximations, while Sharpe and Septhon [11]
reported no significant energy dependence for the range of 4 MV to 20 MV X
rays. Ciesielski and Wielopolski [9] found that radiation quality affected the
qualitative EPR spectrum of alanine. It is not clear if the known dependence on
the linear energy transfer of the alanine EPR spectrum shape affects the peak
to peak dependence on the dose.
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This paper investigates the behaviour of alanine peak to peak intensity
with respect to radiation quality, and has been limited to photons in the energy
range from 60Co to 30 MV X rays (tissue phantom ratio, TPR20,10, in the range
of 0.68 to 0.79). The dose to water response for each of the 10, 20 and 30 MV X
ray beams compared with 60Co gamma irradiation has been used to quantify
any possible energy dependence.

2. METHODS

Alanine dosimeters (Bruker Bronze batch 603995/2) were obtained from
Bruker GmbH and were cylindrically shaped, with a height of 4.5 mm and a
diameter of 4.7 mm and a weight of 87 mg ± 2%.The dosimeters contained 80%
L-a-alanine and 20% polyethylene binder material.

2.1. Irradiation

The alanine dosimeters were irradiated at the National Research Council
(NRC) in Ottawa, Canada, using a high energy photon linac at 10, 20 and
30 MV and the NRC 60Co source situated in an Eldorado 6 (AECL) therapy
head. The dosimeters were given an absorbed dose to water in the range of
approximately 10 Gy to 50 Gy for each beam quality. For each dose point and
for all beam qualities, three dosimeters were irradiated simultaneously. The
phantom temperature was monitored during each irradiation session. The
largest temperature variation in one session was 0.6∞C, and the variation
between radiation qualities was 3.3∞C.

To provide reference data sets independent of time, each linac irradiated
set (10, 20 and 30 MV) was accompanied by a separate set, which was irradi-
ated by 60Co gamma rays almost simultaneously, and the EPR signal was
assumed to decay at the same rate for both members of each pair.

During irradiation, the dosimeters were placed, three in a stack, in a
polymethylmethacrylate (PMMA) holder with a total wall thickness of
approximately 1 mm and with outer dimensions like a Farmer like ionization
chamber. The holder ensured identical dosimeter positions in the radiation
field for each irradiation set-up. The holder fitted snugly into another water-
proofing PMMA sleeve (wall thickness of 1 mm) that also was used for the
ionization chambers, placed at a water depth of 10 cm (5 cm for 60Co) in a full
scatter water phantom.

The radiation beam was calibrated in terms of absorbed dose to water
using a sealed water calorimeter. To verify the dose on each day of irradiations,
a graphite walled NE 2571 ionization chamber that was originally calibrated
using the calorimeter was placed into the same outer PMMA sleeve used for
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the alanine dosimeters. The relative standard uncertainties in the applied doses
to water are given as 0.5% for the linac irradiations and 0.4% for the 60Co irra-
diations, as measured with the ionization chamber and calorimeter [12].

2.2. EPR measurements

All alanine dosimeters were evaluated at the EPR laboratory at the
University of Oslo, Norway, using a Bruker ESP 300E spectrometer equipped
with a standard X band bridge, including a frequency counter. A Bruker rec-
tangular TE104 double resonator was used with a Mn2+/MgO reference sample
(JEOL Co.) permanently mounted in the second cavity. A sample support sys-
tem consisting of Teflon pedestals and thin quartz tubes was used to ensure
identical positions for all the samples measured. The Mn2+ spectrum was
recorded after each sample spectrum to correct the alanine signal for short and
long term variations in the spectrometer sensitivity. Furthermore, the corre-
sponding linac and 60Co irradiated dosimeters were evaluated, in random
order, during the same EPR measurement session to ensure a fairly constant
spectrometer configuration for the corresponding dosimeters. All alanine EPR
spectra were a resultant spectrum of nine added scans, recorded with a sweep
width of 1.5 mT, a microwave power of 1.00 mW and a modulation amplitude
of 0.79 mT. The mass of each dosimeter was determined using a Mettler Toledo
AG245 balance with a precision of 0.1 mg.

Typical conditions affecting the radical concentration, and thus the EPR
signal intensity, are irradiation temperature and radical decay over time, the
rate of which is influenced by the storage conditions. In the work described in
this paper, in addition to the mentioned spectrometer sensitivity correction, a
small irradiation temperature correction was applied [13], while the radical
decay correction could be neglected, since the two corresponding dosimeter
sets were irradiated and evaluated simultaneously and stored together. Thus all
alanine readings reported are corrected peak to peak values of the central EPR
line divided by the dosimeter mass, with a zero dose reading subtracted. The
zero dose reading was evaluated as the abscissa intersection resulting from
applying a weighted least squares regression [14] to the plot of alanine readings
(without subtraction of the zero dose reading) versus dose to water for each of
the six dosimeter sets.These plots are referred to as reading versus dose curves.
One pair of reading versus dose curves is shown in Fig. 1.

2.3. Evaluation of the energy dependence

The dose to water response, also referred to as the dose response, is
defined as the alanine reading per dose to water. The relative dose response is
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defined as the dose response for a certain beam quality relative to a reference
quality (60Co). The energy dependence is hence the variation with beam qual-
ity in the relative dose response [15]. In this paper the relative dose response is
calculated as the average of the dose responses for all the dosimeters irradiated
with a certain linac quality, normalized to the average of the dose responses for
all the associated dosimeters that were irradiated using 60Co gamma rays. Since
the individual dose responses in Fig. 2 display an approximately constant vari-
ance relative to dose, a weighted average is not necessary.

For the estimation of the combined uncertainty of the experimental rela-
tive dose response, taking into account the varying absolute uncertainties over
the dose range in both dose and the alanine reading, the following approach is
used. The ratio of slopes, as calculated using weighted least squares regression
to each reading versus dose curve, between each linac beam quality and the
associated 60Co gamma irradiated set, can also be used to calculate the experi-
mental relative dose response (indeed, each method produces results that are
equal within three decimal places). The pair of reading versus dose curves for
the 10 MV linac beam and the associated 60Co gamma irradiation is shown in
Fig. 1. Thus the standard uncertainty of the ratio of slopes, as calculated in
accordance with the recommended practice of the International Organization
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FIG. 1. The alanine reading as a function of dose to water for alanine dosimeters exposed
to 10 MV X rays (black circles) and 60Co (white circles). The solid and dashed lines rep-
resent the weighted least squares regression for 10 MV X rays and 60Co gamma rays,
respectively. The size of the symbols exceeds the standard uncertainties in both the x and
y directions.



for Standardization [16], represents the standard uncertain of the relative dose
to water response. This calculation involves the slope uncertainties, which were
obtained using the expressions reported by Moreno and Bruzzone [17].

3. RESULTS AND ANALYSIS

Figure 2 shows the normalized individual dose to water responses versus
dose to water for all six dosimeter sets. As expected for doses below 5 kGy [3],
the dose responses show no systematic dependence versus dose over the dose
range investigated (10–50 Gy). The experimental relative dose response values
for the different linac beam qualities, calculated as the average relative dose
response for each linac beam quality, are given in Table I, together with their
respective standard uncertainties. As observed in Table I, all three experimen-
tal values for the relative dose response were close to unity, with a maximum
deviation of 1.3% for the 10 MV linac/60Co set. This can also be seen in Fig. 1,
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as the pair of slopes, although having the maximum deviation of the three linac
qualities, still coincides rather well.

Owing to the high precision in the applied doses, a reasonably large num-
ber of dosimeters in each radiation quality data set and quite accurate EPR
measurements, the combined standard uncertainties of the experimental rela-
tive dose responses were very small, ranging from 0.5% to 0.6%. The results
agree rather well with the findings of Sharpe et al. [11], who reported that the
alanine dose to water response was within 1% for several photon energies
ranging from 4 MV to 20 MV. If the mass energy absorption coefficients as used
by Olsen et al. [10] are applied to the measured dose to water responses
obtained from the work reported in this paper, the resulting calculated dose to
alanine responses agree rather well with those of Olsen et al. However, this
paper reports an average small reduction in the dose response for high energy
photons, and thus deviates from the previous work.

4. DISCUSSION

Only the central part of the EPR spectrum (1.5 mT wide) was recorded
in the work discussed in this paper, whereas the total EPR spectrum of irradi-
ated alanine is close to 10 mT wide. Thus, apart from the central peak to peak,
the data yielded no information regarding spectrum differences. Even if there
should be an energy dependence in the relative yield of the different alanine
radicals formed at room temperature [4], the amplitude of the central EPR line
could nevertheless remain independent of this.
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TABLE I. EXPERIMENTAL RELATIVE DOSE TO WATER
RESPONSE OF THE ALANINE DOSIMETERS IRRADI-
ATED WITH 10, 20 AND 30 MV LINAC X RAYS 

Linac potential (MV)
Experimental dose 

to water response ± standard uncertainty

10 0.987 ± 5.0 × 10–3

20 0.994 ± 5.1 × 10–3

30 0.996 ± 6.4 × 10–3

Note: Calculated as the average normalized (with respect to the associ-
ated 60Co irradiation) dose response for each linac beam quality. Also
shown are the standard uncertainties of the relative dose response values.



The experimental relative dose to water responses obtained for alanine
dosimeters were 0.987 ± 0.005, 0.994 ± 0.005 and 0.996 ± 0.006 relative to unity
for 60Co gamma rays for 10, 20 and 30 MV X rays, respectively. Within the pre-
cision limits it is not possible to deduce any significant variation in the dose
response between the different linac beam qualities. Thus the average dose
response for the high energy linac beam qualities investigated was calculated,
and gives 0.992 ± 0.005 (0.8% below unity). The results apply for the present
irradiation set-up, which consisted of alanine dosimeters (alanine and 20%
polyethylene binder material) surrounded by 2 mm thick PMMA walls at the
reference depth in a water phantom. For estimating the dose response for ala-
nine dosimeters with no sleeve, the results may need to be corrected. Thus the
presented results lead the authors to recommend that, when using a similar set-
up when applying EPR alanine dosimetry for similar photon beam qualities
(TPR20,10 in the range of 0.68 to 0.79), a beam quality correction factor of 1.008
should be applied to the dose to water response when calibrated using 60Co
gamma rays.
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Abstract

Ten years’ experience of using diodes to verify radiotherapy delivered doses is
summarized in the paper. The initial aim of the programme was to quantify the accuracy
and precision achieved in the radiotherapy process, for a range of disease sites,
treatment units and treatment techniques, and then to identify any causes of systematic
uncertainties or clinically significant random uncertainties and to rectify or improve
them. Later objectives were to assess the balance of costs and benefits of their use and
to optimize the methodology applied for their routine implementation. A number of
practical measures were developed to simplify the routine use of diodes in normal
clinical practice.

1. INTRODUCTION

A systematic programme of in vivo dosimetry using diodes to verify
radiotherapy delivered doses began in Edinburgh in 1992. The aims were: to
investigate the feasibility of the routine systematic use of diodes as part of a
comprehensive quality assurance programme; to carry out clinical pilot stud-
ies to assess the accuracy of dose delivery on each machine and for each site
and technique; to identify and rectify systematic deviations; and to assess
departmental dosimetric precision and to compare with clinical requirements.
A further aim was to carry out a cost–benefit evaluation based on the results
from the pilot studies to consider how best to use diodes routinely. Questions
to be addressed included: when should diode dose verification be used and on
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which patients; what should be measured in a routine programme; which staff
members should carry out which tasks; what are the appropriate tolerance and
action levels; and which actions should be taken at these levels. The diodes pur-
chased and used were all from Scanditronix, including old style EDE, EDP-10,
EDP-20 and later EDD-2, EDD-5, new-style EDP-10 and EDP-20 devices.

A subsequent programme assessed simplifications for routine use, includ-
ing: omitting correction factors or reducing the set used; the use of additional
metal buildup caps on the standard diodes to match buildup thicknesses, to
reduce the ranges of correction factors required; the use of combined mid-range
generic correction factors for a specific machine, modality, treatment site–field
and diode position; how data is communicated and recorded to and from the
treatment unit; how the diodes are mounted and handled in the treatment room;
the quality control required for the diodes themselves; and the assessment of
falsely recorded discrepancies to minimize the resource implications.

The Edinburgh Cancer Centre (ECC) has been fortunate in having a sup-
ply of multidisciplinary postgraduate level students (physicists, radiation oncol-
ogists and one part-time research radiographer), who have carried out
dissertation projects on the testing and development stages.

2. INITIAL COMMISSIONING, TESTING AND 
WORKUP OF THE DIODES

The initial commissioning, testing and workup of the diodes by the physics
group followed methods that are now accepted as conventional [1, 2]. While this
is time consuming, it is necessary to have a complete understanding of the diodes’
behaviour from the outset to give confidence in the measurements. The initial
testing included: the stability of the signal (leakage); the reproducibility of the
response; the linearity; the water equivalent depth of the detector; and the relative
perturbation behind the diodes in a range of beams. This was followed by
entrance and exit dose calibrations [3] comparing diodes on the phantom surface
to a calibrated ionization chamber at the depth of dose maximum (entrance) and
at the same depth from the exit surface (exit), ensuring that the diode and the
ionization chamber were not shielding each other. Entrance and exit dose correc-
tion factors were then obtained relative to the calibration conditions, using stan-
dard methods [1, 2, 4] for each diode individually and over the range of conditions
to be used clinically. Phantom measurements were carried out, partly to verify the
methodology in various situations and also to aid in future interpretation and the
transfer of diode dose measurements to the estimation of doses at the isocentre.
Also at this stage a regular quality control programme was initiated for the
diodes [2, 4], including regular checks on the calibration and correction factors.
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3. PILOT CLINICAL STUDIES

Comprehensive clinical pilot studies were carried out for different treat-
ment machines, treatment sites and treatment techniques, choosing to assess
simpler situations first to test the methodology in practical situations, then
gradually working up to more complex treatments. Measurements were carried
out on patients once a week through the course of their treatment. A full data
analysis was carried out, which included all relevant correction factors, to assess
doses as precisely as possible. Entrance and exit doses were measured on all
patients in each group once a week until sufficient data were accumulated to
provide a confident analysis [5, 6]. Normally the diode was positioned on the
beam central axis (although not for breast measurements), but it was ensured
that there was no shadowing of one diode by another. The measured doses
were compared with the expected doses taken from the patient treatment plan
or from planning data. As is standard in these measurements, and as linked to
the calibration methodology, ‘entrance dose’ means the dose at the depth of
dose maximum and ‘exit dose’ means the dose at a similar depth upstream from
the exit surface, so it is the doses planned at these positions that must be com-
pared. Typical entrance dose distributions showed mean differences (between
measured and expected doses) close to zero. Standard deviations (SDs) of dis-
tributions were in the range of 1.2% to 4.1%, depending on the site and on the
linac used. For exit doses typical equivalent values were: means 1% to 4%
below expected and SDs in the range of 2% to 5%. For each patient, where suf-
ficient measurements were made, target volume doses were estimated from the
deviations of the entrance and exit fields, aided by the phantom studies. For all
treatment sites, except the breast, these were estimated at the isocentre. For
breast treatments the point taken was in the middle of the irradiated volume.
Total deviations for a particular treatment fraction were estimated from the
deviations for each field, weighted in proportion to the dose delivered by that
field.A best estimate of overall dose delivery for the total treatment course was
obtained by averaging these values over all measured fractions. Examples of
mean deviations for total treatments (with the SD given in brackets) are:

(a) Head and neck: –0.2% to +1.0% (1.5–3%).
(b) Breast (old technique, isocentre on surface): –4.0% (2.5%).
(c) Breast (new technique, isocentre at depth): –2.0% (2.7%).
(d) Pelvic: –0.4% (2.7%).
(e) Conformally blocked prostate–bladder (initial): +1.5% (2.6%).
(f) Conformally blocked prostate–bladder: +0.1% (2.6%) 

(corrected, see text).
(g) Electron (lower energies, E < 10 MeV): +0.9% (2.5%).
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The SDs for the overall estimates of the total treatment course delivery
were normally lower than the distributions for individual measurements and
individual field data. Approximately 97% of estimated target volume doses
over all the pilot studies have been within ±5% of the expected (prescribed)
doses (100% have been within 7% of the expected (prescribed) doses).

Some reasons for discrepancies were found to be: false positives arising
from problems with the measurements, for example due to the diode methods
used, such as diode positioning problems including contact and cable pulling;
the difficulty to position if the relevant patient surface is directly on the couch
or under an immobilization device; the limiting resolution of the electrometer
for small dose components (particularly exit wedge doses); and positioning
uncertainties under steep wedges or on steeply angled surfaces.

However, the studies identified some real systematic dose delivery prob-
lems and significant individual patient outliers. This has led to practice improve-
ments. Causes have included: treatment machine performance; patient data
acquisition; dose calculation errors (e.g. with the older technique used for breast
field irradiation); non-CT (computed tomography) planning (so not all inhomo-
geneities were accounted for); patient set-up variations; and incorrect treatment
parameters. Some causes were due to changes in patient size and shape between
planning and treatment, for example systematic, such as weight loss, or random,
such as bowel gas. Some causes were identified as a combination of factors, for
example for the conformally blocked treatments, for which part of the systematic
difference of 1.5% observed initially was due to the need for an extra correction
factor for the diode measurements when conformal blocks were used (i.e. due to
diode use and methodology) and part was due to the monitor unit calculation for
conformal blocks (i.e. due to a real change to the delivered dose to patients).
Correcting both of these gave a mean deviation of 0.1%. The studies indicated
that diode dosimetry can identify problems at the level of 1% between the mea-
sured and stated dose values with good methodology, implementation and qual-
ity control, but that the diode methodology itself could introduce some errors.

Tolerance levels for individual measurements for standard treatments
were chosen on the basis of the pilot studies, at approximately 2 SD in the
observed distributions of differences between measured and stated doses. The
aim was to have the tolerances wide enough that investigations were not trig-
gered unnecessarily, yet narrow enough that clinically significant discrepancies
were not missed: 5% was selected for entrance dose measurements and 8% for
exit dose measurements, although tighter tolerances (3% and 6%, respectively)
have been discussed for conformal treatments, especially if a dose escalation is
involved. These were to be used as initial triggers for investigation. Where nec-
essary, entrance and exit dose measurements were combined, as detailed above,
to check the dose at the isocentre.
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4. ROUTINE IMPLEMENTATION

For routine use for conventional treatments, multidisciplinary discussions
in the ECC agreed a number of points. These included:

(a) To use normal treatment unit radiographers to carry out routine mea-
surements, guided by the research radiographer.

(b) To evaluate the procedures to ensure that the time involved at the treat-
ment units was minimized.

(c) To measure only entrance doses, with a 5% tolerance, as this programme
was being added to an already existing comprehensive quality assurance
system, including independent monitor unit checks, quality assurance of
record and verify data and independent radiographer checks on set-up
and treatment parameters; the aim of routine diode use is to identify sig-
nificant errors not picked up by other levels of the quality system.

(d) To develop gradually to measuring all patients, but to reassess this regularly.
(e) To measure each patient usually only once within the first few days of

treatment, so that any problems identified can be investigated and recti-
fied early in the treatment course; often measurements are carried out on
a particular machine on only one day a week, and all new patients on that
machine are monitored, implying that 10 to 15 patients are monitored on
that day.

(f) To set the action level the same as the tolerance level (5%).
(g) To have a clear protocol for actions in the event of a significant discrep-

ancy being observed. Immediate checks are carried out in these cases. At
the earliest opportunity, and before the next treatment fraction, a physi-
cist checks the plan, treatment instructions, calculations, and diode
method and measurement. A second diode measurement is carried out,
by a member of the physics department, at the next treatment. If this is
within tolerance, the treatment is deemed acceptable and the deviation is
assigned to problems with diode positioning on the patient in the previ-
ous treatment. If it is not within tolerance, a detailed investigation is ini-
tiated by the physics group, using phantoms to simulate the treatment, in
order to identify the cause (i.e. the treatment or the diode measurement).

(h) To retain full entrance and exit dose measurements for some special cases,
for example: for newly commissioned treatment equipment or techniques,
as an overall test of the system; for critical patient groups, or critical tech-
niques; and for occasional full audit studies, to evaluate performance.

As an overall measure of routine global accuracy of treatment delivery in
the department, an analysis of roughly the first 5000 individual entrance dose



measurements showed a mean ratio of measured dose to expected dose close
to unity (1.001) and an SD close to 3%. This, of course, inherently includes the
uncertainties associated with the diode methodology.This is very similar to the
figures from the first fraction entrance dose measurements taken over all the
detailed pilot studies. Based on the analysis from those studies discussed
above (Section 3), this implies that the uncertainties for total treatments will
also be similar (i.e. that approximately 97% of estimated target volume doses
will be within ±5% of the expected (prescribed) doses and almost all within
7%).

5. METHODS TO SIMPLIFY ROUTINE USE

A number of practical measures were assessed to simplify routine use and
to reduce the time required, as each linac typically treats 40 or more patients
per day. These practical measures have included:

(a) The non-use of diode correction factors to provide a simpler methodol-
ogy and less quality control for the diodes. This was found not to be
acceptable, as it could lead to situations in which real deviations were
missed. In any case, the same diodes are used for critical groups, so
correction factors are needed.

(b) The use of buildup caps. Tight fitting buildup caps of brass, copper and
steel have been investigated [7]. The caps match the buildup thickness
more closely to the beam in question and reduce the range of correction
factors required such that many entrance factors can be ignored at lev-
els acceptable for routine use. The changes going from no cap to with
cap are less on the newer style diodes than on the older. However, the
newer style caps typically have smaller correction factor variations.
Some factor variations (e.g. angle) may be worsened and, of course, the
shadowing effect is worsened. This has therefore to be evaluated against
the frequency of use. For routine use, where typically only one or two
measurements are carried out throughout a treatment course, this is not
a significant problem. Gains from the use of caps were less obvious for
higher energy beams than for lower energy beams. Current practice in
the department is to use additional buildup caps of 0.6 mm of brass on
EDP-10 diodes for 6 MV beams (Fig. 1); EDP-20 diodes are being used
for 8 MV beams without the need for any caps, while caps are currently
not being used on EDP-20 diodes in 15 MV beams. Although the EDP-20
is thinner than the full buildup for the 15 MV beam, thus increasing the
contaminant electron effects, this decision was taken to reduce shielding
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effects (and to reduce the number of diodes in use in the department).
The secondary electron effects are accounted for in the correction factors.

(c) The use of generic factors has been adopted for the diodes with buildup
caps. The range of correction factors has been investigated for a typical
range of patients and parameters for a given site, technique and field. A
representative mid-range value is taken as the generic factor for that
situation. Full sets of factors are still used in any detailed audit studies,
critical group studies, etc.

(d) Methods have been implemented to streamline data flow from the plan-
ning to the treatment unit and for the physical handling of the diodes in
the treatment room. The radiographers are provided with a range of val-
ues within which the practical diode reading should fall in order to be
within tolerance, giving an immediate yes/no decision. Diode mounts
have been designed for quick and easy operation in the treatment room
(Fig. 2). Typical times added to planning are very small. In the treatment
room the diode operations tend to be carried out in parallel with other
operations, so adding minimal time.

(e) Diode quality control can be simplified by carrying out quick checks fre-
quently, in conjunction with daily linac checks, and using these as a warn-
ing system, so that a major re-evaluation of factors is only required when
the checks at this level indicate possible changes.
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The time for the initial commissioning workup of new diodes, for quality
control and for investigations of observed discrepancies, can be significant.
However, the recognition of false positives and their causes has improved with
experience, to the extent that the time lost from these is now significantly
reduced. Currently the ECC is re-assessing routine use in some sites for which
no discrepancies have been observed over long use, for example the breast, and
is considering putting more effort into some other sites for which deviations
would be more critical, for example during conformal radiotherapy and dose
escalation studies.

6. CONCLUSIONS

The use of diodes (or other in vivo dosimetry) to verify delivered radio-
therapy treatment doses is cost effective and is recommended. It can quantify
the accuracy and precision achieved in the radiotherapy process in the depart-
ment as well as deviations for individual patients. With appropriate methodol-
ogy and quality control it is effective down to the sub-1% level. Observed
problems can be identified and rectified. Relatively simple measures can be
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implemented to optimize diode use in routine clinical practice. Implementation
can be gradual, to make the task initially more acceptable to or manageable by
staff. Different levels of the implementation process may be in place at the
same time on different linacs. The optimum solutions described in this paper
are applicable to the specific situation in the ECC and may not be best for the
circumstances in all institutions. However, similar solutions have been inde-
pendently arrived at by other departments [2].
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CONCLUSIONS AND RECOMMENDATIONS

Recommendations following the papers and discussions were prepared
by the Chairs, Co-chairs and Rapporteurs of each session and presented to the
participants of the symposium in the final session for their approval.

Although many of these recommendations concern the scientific
community, some are directed to governments and industry, as these affect
practical application in developing countries. However, as was pointed out
during Session 15, some of the developed countries would also benefit from
following these latter recommendations. The IAEA would obviously be a good
choice to take the lead in many of these actions.

Session 1: Setting the Scene

After the description of the operation of the mutual recognition
arrangement (MRA), it was clear that developing countries would benefit
from being included in MRA comparisons and declaring their calibration and
measurement capabilities (CMCs), as this would encourage them to clarify
their methods and uncertainties. As it is a matter for individual countries to
decide whether they should sign the MRA, the symposium simply recom-
mended that:

1. Secondary standards dosimetry laboratories (SSDLs) holding national
dosimetry standards for signatories of the MRA should be encouraged to
participate in comparisons and to declare their CMCs through their
regional metrology organization (RMO).

To support the SSDLs in this dosimetry work, it was recommended that:

2. Additional RMO comparisons should be developed and participation in
these comparisons by Member States should be encouraged.

For more than 30 years the IAEA has developed dosimetry codes of
practice pertinent to external beam radiotherapy and has arrived at a situation
in which all forms of dosimetry measurements are linked together in one
coherent protocol. Consequently, the symposium recommended that:

3. Organizations recommending the use of the IAEA dosimetry code of
practice in Technical Reports Series No. 398 (TRS 398) should encourage
users to follow its most recently released version.



4. The use of TRS 398 should be encouraged in all Member States.
5. The translation of TRS 398 should be encouraged.

It was recommended that, through the maintenance and support of the
IAEA/World Health Organization (WHO) SSDL network:

6. The dissemination of dosimetry standards and expertise in the developing
world should continue.

7. The consistency and quality of dosimetry standards should be maintained
and developed through comparisons.

Session 2: Absorbed Dose Standards and Calorimetry 

Absorbed dose to water is the necessary quantity for dosimetry measure-
ments for radiotherapy. Many papers were presented on the different methods
of determining absorbed dose to water using primary methods. However, there
are many issues related to this that need to be addressed by the primary
standards dosimetry laboratories (PSDLs) in the national metrology institutes.
The symposium recommended that:

8. Absorbed dose to water should be derived from as many independent
methods as possible.

9. Direct comparisons of water and graphite calorimeters should be encour-
aged.

10. Uncertainties assigned to absorbed dose to water primary standards
should be examined in detail, preferably by a working group of the inter-
national Consultative Committee for Ionizing Radiation (CCRI), in
order to rationalize any apparent discrepancies.

11. Research should be supported for all forms and new applications of
calorimetry, for example for brachytherapy.

12. Absorbed dose standards for electron beams should be developed
further.

13. Development of absorbed dose to water standards for kilovoltage X rays
should be encouraged.

14. More PSDLs should participate in the high energy X ray comparison
piloted by the Bureau international des poids et mesures (BIPM).

Session 3: Air Kerma and Absorbed Dose to Water Standards for Photons

Currently, most dosimetry measurements are made in terms of air kerma.
However, as all these measurements are related to a common primary method
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using cavity ionization chambers, it is particularly important that the physical
constants used in the measurement equations, and the corrections necessary for
cavity ionization chambers, be well understood. Consequently, the symposium
recommended that:

15. PSDLs and the International Commission on Radiation Units and
Measurements (ICRU), as appropriate, should address the unresolved
issues pertaining to air kerma dosimetry standards, including the re-
evaluation of:

—  kwall and kan (including the BIPM standard);
—  Wair values and uncertainties;
—  Stopping power ratios;
—  Type B uncertainties related to Monte Carlo methods, taking account

of the underlying interaction coefficients.

Session 4: Meeting the Needs

During Session 4 the WHO clearly presented the dramatic increase that
is likely in the number of cancer patients in developing countries within the
foreseeable future. Since nuclear technology in the form of radiotherapy will
remain central for the treatment of cancer in both developed and developing
countries within the same time frame, the symposium felt that:

16. Organizations engaged in assisting countries to develop and implement
cancer control strategies should be proactive in order to address their
current and future needs for cancer treatment.

It is clear that cobalt teletherapy and brachytherapy source trains will be
the mainstays of radiotherapy for most developing countries for the foresee-
able future. To support these therapies, the symposium felt that:

17. Appropriate staffing — medical, technical, nursing and scientific — is
crucial for treatments to be effective.

18. Treatment equipment must be accompanied by the appropriate tech-
niques for diagnosis, tumour localization and staging, immobilization,
shielding, treatment simulation and planning, clinical dosimetry
(including displays), treatment verification and follow-up.

19. Appropriate dosimetry equipment must be made available for equipment
commissioning and continuing quality control.
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With regard to therapy and supporting diagnostic equipment, the
symposium felt that a number of issues could be addressed. There were partic-
ular concerns raised during the final discussion session that low dose rate
brachytherapy equipment was no longer being produced, whereas this was
considered by some radiation oncologists to be better or less expensive than
high dose rate brachytherapy. Consequently, the symposium recommended
that:

20. The equipment industry should be encouraged to recommence the
production of low dose rate brachytherapy equipment and also to strive
to make high dose rate brachytherapy equipment more affordable.

21. The equipment industry should be made aware of the future needs of the
Member States regarding the increasing demands for cancer services.

While collaboration between industry and government was seen as useful
for developing countries, concern was expressed that voluntary organizations
often donated equipment without taking account of the consequent needs.
Understanding that this is the domain of the WHO and PAHO, the symposium
felt that:

22. WHO advice that provides guidance to organizations donating technolo-
gies to the developing countries should be disseminated widely.

23. Supporting guidance covering all factors required to implement such
radiation technologies for safe and effective diagnosis and therapy should
be developed.

Where the necessary infrastructure and expertise for maintaining linacs
are missing, cobalt therapy may be much safer and more reliable for patients
than linacs. Hence the symposium felt that:

24. Manufacturers should be encouraged to continue the production of
cobalt therapy units.

The current lack of properly trained radiotherapy personnel is as serious
as the lack of equipment in many developing — and indeed in some developed
— Member States. It was noted that optimizing the use of existing equipment
through the proper use of personnel could sometimes be more cost effective
than simply adding new equipment. In view of the current lack of and future
need for trained personnel and in order to increase awareness of this need
among organizations such as the IAEA, European Commission (EC),
European Federation of Organisations for Medical Physics (EFOMP),
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European Society for Therapeutic Radiology and Oncology (ESTRO),
International Organization for Medical Physics (IOMP), International Society
for Radiation Oncology (ISRO), PAHO and WHO the symposium recom-
mended that:

25. Training programmes should be implemented on a large scale for
professional staff working in radiotherapy, not just to follow the basic
curricula but also to comply with a requirement for continuing professional
development.

26. National or regional centres of excellence for training should be developed
and supported in co-operation with international organizations.

Sessions 5, 6 and 8b: Dosimetry Protocols and Comparisons

The symposium felt very strongly that radiotherapy dosimetry within a
given country should be consistent. To achieve this, ideally the same dosimetry
protocol should be used in all radiotherapy centres of that particular country.
Keeping in mind that some countries have developed their own national
dosimetry protocol (e.g. TG 511 in the United States of America), for those
countries that prefer to use TRS 398 the symposium recommended that:

27. TRS 398 should be adopted initially at the national level in collaboration
with the national scientific societies and the SSDLs.

28. Training and education on TRS 398 should be encouraged prior to its
implementation.

29. The differences from existing protocols expected with the practical imple-
mentation of TRS 398 should be disseminated.

30. The necessary changes in quality assurance procedures should be
assessed before the adoption of TRS 398.

31. Both TRS 398 and the code of practice previously adhered to should be
used in parallel for a short time and differences between the codes of
practice outside those expected should be explained.

32. A specific date should be chosen for the adoption of the new code of
practice by all hospitals in the country.

33. Independent dosimetry checks in co-operation with peers should be
encouraged.
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34. External audits should be performed, if available.
35. The practical aspects of the adoption of TRS 398 for kilovoltage X rays

should be studied and a pilot study should be encouraged for the
adoption of the kilovoltage code of practice in the clinic.

It is recognized that several PSDLs and many SSDLs do not have their
own accelerators for calibrating secondary standards for clinics. It has been
suggested that the SSDLs could use hospital equipment (out of normal
operating hours) for this purpose. However, the setting up of a facility for cali-
bration takes time and the uncertainties associated with setting up may be
larger than the uncertainties associated with using a protocol’s calculated
values. Consequently, the symposium recommended that:

36. A feasibility study (including the assessment of uncertainties) should be
carried out in order that SSDLs can disseminate experimentally deter-
mined ND,w calibrations — traceable to PSDLs — to radiotherapy centres
for both megavoltage photon and electron beams.

Further recommendations concerning the dissemination of dosimetry
protocols were that:

37. PSDLs should be encouraged to measure kQ factors, which should be
compiled in a single document.

38. Clinical electron dosimetry (at the hospital level) should be based, in
order of preference, on:

— Ionization chamber calibrations in electron beams based on a
standard traceable to a PSDL; or 

— Cross-calibration in an electron beam against a 60Co calibrated
reference chamber; or, if no other option is possible

— Direct 60Co calibrations.

Sessions 7 and 8a: Dosimetry Issues for Diagnostic Radiology

A large number of quantities have been used for dosimetry measure-
ments in diagnostic radiology, in particular for dosimetry in computed tomog-
raphy. This has caused considerable confusion, so it was strongly recommended
that:

39. The quantities used for these purposes should be harmonized.
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40. New codes of practice for dosimetry in diagnostic radiology should use
the quantities agreed.

41. The determination of diagnostic reference levels, a process in which
image quality also needs to be assessed, should use the quantities
agreed.

Some SSDLs have established or are in the process of establishing
calibration services for dosimetry in diagnostic radiology. The number of labo-
ratories that can provide these services is not sufficient to meet national needs.
The symposium recommended that:

42. SSDLs should develop calibration services for dosimetry in diagnostic
radiology in order to be able to cover their national needs.

43. A set of recommendations should be developed to provide an interim
approach to traceability for countries with no access to an SSDL under-
taking the calibration of diagnostic dosimeters.

The symposium noted that computed tomography could deliver signifi-
cant doses to the patient, although these doses were not always simple to assess,
and that interventional radiology had caused irreversible skin damage to some
patients. The discussions provoked the recommendations that:

44. Appropriate methods for quality assurance and quality control in digital
and interventional radiology should be developed urgently.

45. New dosimetry methods should be developed to meet the needs of
current and future X ray diagnostic methods.

It is important that all measurements in X ray diagnostic radiology 
be performed with the required accuracy. The symposium recommended 
that:

46. Dosimetry audits to check the performance of calibration laboratories
and of end users should be developed and implemented for these diag-
nostic radiology techniques.

It was further noted that new skills need to be acquired by those
performing diagnostic radiology measurements. Consequently, the symposium
recommended that:

47. Education and training programmes should be developed for physicists
and technical staff working in clinical diagnostic radiology.
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Session 9: Nuclear Medicine Dosimetry

During Session 9 a number of concerns were expressed about the state of
radionuclide measurements and patient dosimetry in nuclear medicine.The use
of unsealed sources for radiotherapy is increasing, but there does not seem to
be a concerted effort to improve the quality of the therapies, although
standardization is becoming increasingly important, especially in view of
multinational trials. The symposium summarized the concerns by making the
recommendations that:

48. Clinical radioactivity measurements should be traceable to national or
international activity standards in each country in which nuclear medicine
is practised.

49. PSDLs should be encouraged to focus on establishing reliable procedures
for measuring low energy gamma emitters, beta emitters, low energy
electron emitters and alpha emitters.

50. Quality assurance/quality control programmes should be established and
implemented, particularly for quantitative dosimetry analyses in nuclear
medicine; guidance for such programmes should be developed.

With reference to patient dosimetry, the symposium recommended 
that:

51. The use of current dosimetry models should continue with the collection
of adequate data to obtain good dose estimates, using as many patient
specific modifications as possible.

52. The dissemination of better dosimetric models, particularly those based
on patient images in a voxel format, should be encouraged in order that
internal dose calculations can be more accurate and detailed and able to
provide better correlations between calculated dose and observed effect.

53. Comparison programmes for the quantification of radioactivity should be
established, especially for in-phantom measurement and for the calcula-
tion of organ doses from multiple image sets.

54. The development of standardized and well documented software
programs for traditional dose calculation methods, and for implementing
newer, voxel based methods, should be encouraged.

Finally, in Session 9, the symposium recommended that:

55. A standardized code of practice for simple and for more complicated
dosimetry calculations should be developed.
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Sessions 10 and 12a: Brachytherapy

Although brachytherapy has been practised for decades, it is a many
faceted area in which the dosimetry is neither always clear nor always practised
well. The symposium considered that the time had come to take definite steps
to improve the situation. Consequently, it was recommended that:

56. PSDLs should establish dosimetry standards for brachytherapy sources
that SSDLs then disseminate using an internationally agreed method.

57. Dosimetry comparisons between PSDLs and SSDLs should be developed
and implemented.

58. Dosimetry audits for clinical end users should be developed and
implemented.

59. Research efforts should be focused on dosimetry standards based on
absorbed dose to water for photon emitting brachytherapy sources.

60. Beta dosimetry for brachytherapy should be improved, in particular for
106Ru/106Rh sources.

61. Quality assurance programmes for brachytherapy dosimetry should be
developed and implemented.

62. Education and training programmes should be developed for SSDL staff
and for clinical personnel.

Sessions 11 and 12b: Radiotherapy Dosimetry Audits

Quality assurance and quality audit of a number of areas in the radiotherapy
process were covered in Sessions 11 and 12b, which resulted in a large number of
recommendations. In particular, to set the scene, the symposium felt that:

63. Radiotherapy at levels 1 (basic) and 2 (advanced) should be strengthened
through education and training, equipment provision and expert support,
while at level 3 (developmental) it should be advanced through research
programmes.

The symposium strongly expressed the view that quality assurance and
quality audits are a very effective way to ensure the correct delivery of the
radiation dose to the patient and to enable the therapeutic outcome to be
assessed in a consistent manner. Consequently, it was recommended that:

64. Quality assurance programmes for radiotherapy equipment, dosimetry and
processes should be promoted, implemented and strengthened in order to
ensure accurate, reproducible dose delivery to each radiotherapy patient.
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65. Quality assurance programmes should cover the medical aspects of radio-
therapy as well as the physics and technical aspects.

66. Audits should be encouraged for all levels of radiotherapy.

The many facets of the auditing of dosimetry were considered, and the
symposium recommended that:

67. Dosimetry audit should be included within the scope of clinical audit, as
assured dosimetry is required to enable assured clinical practice.

68. An external audit should be available to all radiotherapy centres for all
clinically used external beam treatment units, as recommended interna-
tionally (e.g. in the International Basic Safety Standards for Protection
against Ionizing Radiation and for the Safety of Radiation Sources2 and
the EC Medical Exposure Directive 97/43/Euratom3).

69. The level of external audit should be appropriate to the level of the radio-
therapy department and of the national expertise (see also
Recommendation 73).

70. As a minimum external audit for radiotherapy beam dosimetry, each
beam dose output should be measured independently of the institution’s
procedures, for example using a mailed thermoluminescent dosimeter
from an external laboratory, at least once every two years.

It was agreed that nationally adopted quality assurance programmes
provide consistency for radiotherapy practice, and consequently the
symposium recommended that:

71. The development of national quality assurance programmes should be
encouraged and supported, especially in developing countries.
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72. National programmes should include guidelines on quality assurance
procedures for radiotherapy centres and also for audit networks or audit
systems at the national level.

73. National audit systems for radiotherapy dosimetry should be operated by
qualified groups involving co-operation between SSDLs and clinical
medical physicists.

The symposium understood that complex radiotherapy techniques
require a significantly increased effort for their safe and effective implementa-
tion and use. Consequently, it was recommended that:

74. The development of quality assurance recommendations and
programmes should be promoted for complex treatment situations (e.g.
total body irradiation, stereotactic radiosurgery and intensity modulated
radiotherapy).

A range of audit tools has been developed by several audit programmes,
including that successfully run by the IAEA, for dosimetry audit. Postal dose
audits based on thermoluminescence dosimetry are widely used and well estab-
lished. However, it was noted that other systems (e.g. alanine) are being consid-
ered at the research level. The symposium recommended that:

75. Support should be given, through research programmes, to the develop-
ment and evaluation of audit methodologies suitable for the various
radiotherapy levels.

Appreciating the particular importance of audit when used to assure the
dosimetry of patients from multiple countries participating in co-operative
clinical trials, the symposium recommended that:

76. Activities in quality audit should be co-ordinated internationally and
different audit systems should be compared.

Session 13: Proton and Hadron Dosimetry

The symposium noted that the number of treatment facilities using proton
beams and heavier ion beams (mostly 12C) was growing, with 24 currently opera-
tional and another 20 planned worldwide over the next five years. There is still a
divergence of opinion internationally and even nationally about the dosimetry
methods to use for these therapy beams. However, the results presented indicate
that the adoption of TRS 398 would provide a coherent approach. Consequently,

CONCLUSIONS AND RECOMMENDATIONS 437



the symposium felt that the dosimetry of these beams should be in keeping with
conventional radiotherapy beam dosimetry and recommended that:

77. Proton and heavier ion beam dosimetry should be based on absorbed
dose to water standards.

78. Comparisons based on absorbed dose to water calibrations should be
organized between centres.

For ion dosimetry, the symposium felt that considerable research was still
needed to improve knowledge on basic physics data for dosimetry, and conse-
quently recommended that:

79. Research projects on ion dosimetry techniques should be supported.

Session 14: Developments in Clinical Radiotherapy Dosimetry

At the clinical level two areas of concern were discussed, dose measure-
ments and dose calculations. The practicalities of dosimetry systems were
evidently a problem and the symposium recommended that:

80. Industry should be encouraged to develop affordable systems for
practical use in quality assurance and dosimetry (e.g. tissue equivalent
materials, easy to use phantoms and equipment that is robust and
reliable).

81. Gel dosimetry methodology should be developed to evaluate its potential
for routine use in radiotherapy centres.

82. In vivo dosimetry should be promoted, including its use in developing
countries.

83. Alternative methods of clinical dosimetry should be tested and compared
with traditional techniques.

With regard to dose calculations, the symposium recommended that:

84. Advanced computing methods for dose calculation should be encouraged
where appropriate expertise is available.

85. Guidelines should be developed on which quality assurance tests of
treatment planning systems should be performed by manufacturers, user
groups and individual users.

Recognizing that errors in treatment monitor units and treatment time
calculations have caused accidents, the symposium also recommended that:
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86. All radiotherapy institutions should implement an independent monitor
unit or time calculation protocol for each patient.

Session 15: Conclusions and Recommendations

Some additional discussion points were raised during the round-up
session. In particular, concern was expressed on the lack of understanding of
the role of the medical physicist, specifically regarding dosimetry for the
patient. The symposium recommended that:

87. During the training of administrators, the different roles of professionals
working in radiotherapy should be clearly identified.

88. National, regional and international professional societies such as the
IOMP should be encouraged to work together to register the profession
of medical physicist with the International Labour Organization.

89. Medical physicists should involve themselves in the education and
training of clinical practitioners.

Views were also exchanged on the lack of medical physics staff currently
available and on the need for more staff in the future. Evidence of the lack of
staff currently employed, even in developed countries, can be seen in the report
commissioned by a United Kingdom government department on the need for
nuclear skills (http://www.dti.gov.uk/energy/nuclear/skills/nsg.shtml). The
symposium recommended that:

90. National, regional and international professional societies should work
towards promoting the profession of medical physics to university under-
graduates.

In conclusion, the symposium was greatly appreciated by all participants
and each felt personally involved with the recommendations. The view was
expressed that the time interval since the last symposium had been too long.
Recognizing the importance of recent changes in the field of medical radiation
dosimetry and notwithstanding the heavy organizational burden on any organi-
zation willing to host future such meetings, it was recommended that:

91. A further dosimetry symposium should be held in six years’ time (2008).
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