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FOREWORD

It is a known fact that an increasing percentage of the population in developed as well as
developing countries contract cancer. However, in some advanced countries the cancer mortality rate
is no longer increasing, which can be attributed to an improvement in therapy.

In some developing countries radiation therapy is currently applied in 50 - 60 % of all cancer
cases; about half of these treatments are with curative aims. Surgery and radiotherapy applied
individually or concurrently result in the cure of about 40% of all patients. In addition, the application
of chemotherapy has curative effects on a small percentage of cancer cases. Radiotherapy is also an
excellent palliative agent and could often prolong the remaining life of a patient and its quality.

The above statements account for some advanced countries while in developing countries
resources are too scarce to secure adequate treatments. It is, however, of great importance to utilize
the available resources in the most effective way and one of the aims of this seminar was to deal with
this issue.

It is encouraging to note that the results achieved by radiotherapy treatment show continuous
improvement. There are many reasons for this positive development e.g. better knowledge of the
biology of different tumours, advancement in diagnostics and improvement of techniques for
dosimetry and treatment planning. The introduction of modern equipment (CT-scanner, "Co-units,
linear accelerators, treatment planning system, etc.) has been crucial in the progress and this has
resulted in a more accurate delineation of the target and a possibility to irradiate this region with a
high and uniform dose and restrict the irradiation outside this region.

Another goal of the seminar was therefore to deal with all the different steps in the treatment
procedure from the decision of the treatment strategy to the quality assurance checks of the treatment.

First day (September 16), subject: Problem Definition and Treatment Decisions.
(See summary by D.I. Thwaites and T. Landberg).

It is of great importance to exchange experiences among departments to ascertain the best
combination of dose level, treatment volume, and fractionation schedule. In order to make such
comparisons meaningful, accurate dosimetry and also agreement of definitions are needed. For
instance, some departments might prescribe the dose to a point in the tumour while others use the
mean, median, minimum does in the target, or an "isodose-line" enclosing the target volume.
Coherent definitions are not always used even within a department.

In the recent past the ICRU compiled a report on "Recommendations for Prescribing,
Recording, and Reporting External Beam therapy with Photons" which is explained by the chairman
of the ICRU report committee, T. Landberg. Work in this field is also reported on by Aaltonen,
Rahim et al., and Rosenblatt. Following an active discussion, somewhat different opinions were
expressed by Thwaites and Landberg and Aaltonen and Brahme.

Second day (September 17), subject: Treatment Unit Calibration, Beam Performance. (See
summary by A. Dutreix, J. Jarvinen and D.I. Thwaites).

Third day (September 18), subject: Treatment Preparation, and In-Vivo Dosimetry. (See
summary prepared by the chairpersons H. J. Dobbs, A. Dutreix, K. A. Johansson and G. Leunens).
Consensus was reached on recommendations in the use of in-vivo dosimetry.

During the morning of the fourth day (September 19), the subject of Quality Assurance Network
in Radiotherapy Dosimetry was dealt with. This session was summarized by W. F. Hanson.



In the afternoon of the fourth day (September 19), Quality Assurance Activities in Different
Countries were discussed. The problem of supplying developing countries with the appropriate
equipment was looked into. (See summary by W.F. Hanson and H. Järvinen).

The fifth day (September 20), dealt with Portal Imaging. The session was summarized by
T. Landberg and B. Mynheer.

The papers presented at the seminar were either original contributions or reviews. Minor
editorial changes have been made and in some cases abstracts have been added to conform with IAEA
publication rules. Some participants have only submitted notes to figures presented at the seminar.
Such presentations have not been included in the TECDOC as the reader might find them difficult to
interpret although the content of the lectures was of a high scientific standard and value.
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SUMMARY AND CONCLUSIONS OF SECTION I

PROBLEM DEFINITION, TREATMENT DECISIONS
Spefication for reporting

D.I. THWAITES
Department of Medical Physics and Medical Engineering,
Western General Hospital,
University of Edinburgh,
Edinburgh, United Kingdom

T. LANDBERG
Department of Oncology,
University of Lund,
Lund, Sweden

The need for consistency throughout the radiotherapy treatment process was demonstrated by
papers presented in the session on 'Problem Definition, Treatment Decision', on September 16 and
by the ensuing discussions, both during that session and during subsequent sessions. In particular
consistency in Dose and Volume specification for reporting purposes was emphasized in discussion.
The meeting expressed a general consensus on some points concerning this, although some counter
views were also presented. The main points relating to Specification for Reporting are summarized
here.

1. GENERAL BACKGROUND POINTS

(a) All uncertainties and inconsistencies in radiotherapy decrease the Tumour Control Probability.
Based on clinical data, the recommended accuracy level on dosimetry is set at 3%, being one
relative standard deviation in delivered absorbed dose to the patient and including the
contributions from all steps leading up to dose delivery throughout the course of a treatment.

(b) Quality Assurance is vital to all aspects of radiotherapy and should be intrinsic to all activities
of radiotherapists, radiotherapy physics and radiographie technicians. The generic approach
to Quality Assurance in Radiotherapy, as outlined in the WHO (1988) report, was endorsed.

(c) Training and education was emphasized throughout, for all groups of staff involved, to
promote an awareness of quality assurance.

(d) It is essential to have common clear language for communication between the different
professions involved in radiotherapy and for communication of treatment techniques and
results between clinicians within a single department and between departments, in order to
disseminate information and to ensure that experience may be transferred and applied
elsewhere.

2. DOSE AND VOLUME SPECIFICATION FOR REPORTING PURPOSES

(a) As there are a variety of methods of specifying dose and volume in use in different
radiotherapy departments worldwide, there was a strong agreement that it is necessary to
adopt a common terminology and a consistent approach for a minimum level of reporting
doses and results, to ensure as little ambiguity as possible in transferring information.



(b) The various approaches discussed have significant overlap and many points in common and
this must be built upon.

(c) Recommendations on the use of consistent terminology for dose and volume specification are
intended to be applied as a basic minimum level of information for reporting purposes only
and are not necessarily intended as recommendations to be followed in any particular
department's internal prescription, treatment or recording procedures, where more
sophisticated methods may be in use. Nor do they prevent any additional information being
included at any reporting stage. Rather they present a minimum set of specification
information to describe techniques, doses and results which can be commonly and consistently
applied and understood. As such, they must be pitched at a level that any department can
utilize, whatever their individual circumstances, resources or procedures.

(d) ICRU 29 (1978) gave a first attempt at such a set of recommendations. These have been
revised in a new ICRU report (1991) which is about to be published. As this is complete and
available, there was a recommendation from the meeting that the revised ICRU approach be
followed for dose reporting purposes, as a minimum requirement for consistency.

(e) In addition it is recommended that any further information be reported, where available, to
give a fuller specification of the treatment and a better understanding of how it was effected.
This would be in addition to the minimum ICRU requirements. In particular, it is recognized
as desirable to quote an appropriate value of D, the mean or average dose in the target
volume.

(f) As regards volume specification, using ICRU terminology, there was general agreement on
the anatomic/clinical concepts of the Gross Tumour Volume (GTV), being the demonstrated
tumour, and the Clinical Target Volume (CTV), being the demonstrated tumour and
associated regions of suspected (sub-clinical) tumour. The ICRU approach then defines the
Planning Target Volume (PTV) to include further margins to account for organ and patient
movement and beam geometrical variations. There was strong discussion of this last concept,
there being a body of opinion that anatomical margins should be separated from geometrical
and set-up margins and that the latter should not be included within a 'Target' volume.
However, it was recognized that there is as yet uncertain information on the magnitudes of
the separate effects and on how to combine them if treated separately.

(g) Thus there was a recommendation from the meeting to support the use of the ICRU
terminology for reporting purposes, in the interests of providing a common language and
consistency of description. The new ICRU Planning Target Volume is equivalent to the old
ICRU 29 Target Volume.

(h) In parallel to stressing the need for a common minimum approach to dose and volume
specification for reporting purposes, there was encouragement to work towards the
development of more detailed or sophisticated specifications when the information is available
to do so. In particular the gaps in information concerning the individual margin effects was
emphasized, as was the need for detailed scientific work to provide quantitative data to give
a scientific basis for defining and describing their use. There was a strong recommendation
that authors be extremely careful in the terminology used, when reporting scientific work on
the various margins, to avoid ambiguity.

(5) Thus while the meeting recommended the use of the new ICRU terminology and definitions
as a basic common language for reporting purposes under present circumstances, it was also
recognized that alternative concepts must be developed and discussed. These could form the
basis of common international recommendations at the point when they are accepted by a
wide section of the radiotherapy community and when the necessary quantitative information
is available to ensure that their practical application is feasible in any department.
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WHAT ACCURACY IS NEEDED IN DOSIMETRY
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J. VAN DAM
University Hospital St.-Rafaël,
Leuven, Belgium

G. HANKS
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B.J. MIJNHEER
Antoni van Leeuwenhoekhuis,
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J.J. BATTERMANN
Academisch Ziekenhuis,
Instituât voor Radiotherapie van de Rijksuniversiteit,
Utrecht, Netherlands

Abstract

An attempt is made to formulate requirements for the accuracy in the delivery of absorbed dose to a patient during radiation
therapy. These requirements are mainly based on the relative steepness and separation of the dose-effect curves for local
tumour control and normal tissue damage. A review of these dose-effect curves shows a great variety in steepness: the
curves for normal tissue complications in general may be steeper than those for local tumour control. From these data, a
standard requirement of 3.5% is proposed for the combined uncertainty of type A (random) and type B (systematic), given
as one relative standard deviation in the absorbed dose delivery. However, it is recognized that , in many cases, larger
values are acceptable and, in a few special cases, an even smaller value should be aimed at. This value of 3.5% applies
to the absorbed dose at the specification point. As far as the dose accuracy requirements at other points in the planning
target volume are concerned, a value of 5% (one standard deviation) seems more appropriate. This required accuracy in
the delivery of the absorbed dose cannot always completely be achieved in photon therapy even for simple treatment
conditions. All the clinical data which were reviewed, including some results from the "Patterns of Care Study", indicate
a close correlation between outcome of therapy (control rates, complications), and dose level, inaccuracy or errors in
dosimetry and patient-machine positioning. This has been reported for external beam therapy as well as for brachy- and
interstitial therapy. Only the clinical results will allow us to select the optimal treatment conditions (e.g. selection and
definition of the planning target volumes, dose levels and beam arrangement, but they could be interpreted correctly only
to the extent that the treatment execution would be correct. This gives its full credit to the Quality Assurance Programmes,
in which the clinicians and physicists should be fully involved. Lastly, the outcome of a treatment can only be interpreted
meaningfully if the parameters of the irradiation, in particular, the distribution of dose in space and time can be accurately
correlated with the type and extent of the disease. It is essential that clear, well defined and unambiguous concepts and
parameters be used for reporting purposes to ensure a common language between collaborating centres. This is one of the
major tasks that the ICRU has undertaken since several years.
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1. INTRODUCTION

The outcome of radiation therapy (local control, complications) is closely related to the dose
that has been delivered to the clinical target volume(s) and the surrounding normal tissues. Therefore,
an important question is the dose accuracy which is required and can be achieved in practice. Many
sources of uncertainty exist in the radiotherapy procedures [1-3]. These uncertainties arise either in
the dosimetry procedures and/or in the localization of the target volume(s).

In 1969, WAMBERSIE et al. [4] and in 1971, HERRING and COMPTON [5] made
anestimation of the degree of accuracy required in the dose delivered in radiotherapy. They
concluded that changes in the dose of 10% either way can significantly change the probability of
tumor control or normal tissue complication, and therefore the uncertainty associated with dose
delivery should be less than ±_ 5%. Continuing in the same direction, the ICRU in its Report 24 [6]
made the following recommendation: "the available evidence for certain types of tumor points to the
need for an accuracy of ±_ 5% in the delivery of an absorbed dose to a target volume if the
eradication of the primary tumor is sought". Additional clinical evidence accumulated since 1976,
and reviewed in the next paragraphs, has strengthened this recommendation, which in fact has been
taken over by several authors, as well as by national and international organizations. It must be
recognized that this ±_ 5% accuracy requirement was selected as a "reasonable compromise" between
what should be ideal and what could be reached in practice. In that respect, the ICRU Report 24 also
recalls that "some clinicians have requested even closer limits such as +, 2%, but at the present time
it is virtually impossible to achieve such a standard".

When discussing accuracy one usually refers to the deviation of the measured value from the
"true" value. This deviation was classically considered as being the combination of (a) the dispersion
of a set of measurements attributable to random variation, to be treated statistically (random
uncertainties'), and (b) possible systematic errors for which limits are given (systematic uncertainties).
The terms "random" and "systematic" uncertainties (or "errors", as they were often called previously)
are no longer recommended. They are replaced by two categories uncertainties, A and B
respectively, according to the way in which their numerical value is estimated. Type A uncertainties
can be estimated from repeated independent observation and are given as a standard deviation and the
number of degrees of freedom. Type B uncertainties can be given as an effective standard deviation,
e.g. defined as the estimate of the interval which should contain the "true" value in about 70% of the
cases (cf. Recommendations of the BIPM Working Group on the Statement of Uncertainties presented
to the Comité International des Poids et Mesures, October J980).

As the influence of systematic uncertainties remains the same in repeated observation, the
70% interval cannot be estimated statistically. Instead it should be based on an analysis of the
procedures used and the effects on the result of "reasonable" variations in not absolutely known
factors. The combined uncertainty, defined as the square root of the sum in quadrature of all
components in both categories of uncertainty, is given as one relative standard deviation in this paper.
Whenever a larger range for the uncertainty is needed, it is always possible to obtain the so-called
overall uncertainty by multiplying the combined uncertainty by a certain constant factor, which must
be stated.

As long as clinical experience in the treatment of a certain type of tumor remains restricted
to a particular centre and to one radiation quality, only the reproducibility in the absorbed dose
delivered to the patient during radiotherapy is of importance. This reproducibility in the absorbed
dose is determined by type A uncertainties, e.g. in the routine measurement of the absorbed dose at
that particular radiation facility and in the actual patient irradiation. The uncertainty in the stated
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value of the absorbed dose is in addition determined by type B uncertainties in the absorbed dose
assessment, but is in this situation not important. For beams with different energies different typeB
uncertainties are introduced due to the energy dependence of the procedure to derive the absorbed
dose, e.g. of the physical parameters employed in the absorbed dose determination with ionization
chambers. If information concerning the radiotherapeutic procedure has to be transferred to another
radiation quality in the same centre or will be used at another institute with the same or another
radiation quality, the combined uncertainty has to be considered. In addition, adequate information
on the absorbed dose distribution, including its uncertainty [7], in space and time should be available
ICRU [8].

Because treatment of a particular tumor type can be carried out with a variety of treatment
techniques using different energies of photons and electrons, an accuracy requirement of absorbed
dose should be based on the combined uncertainty and not on reproducibility alone. In this paper an
attempt is made to formulate criteria for the accuracy in the delivery of absorbed dose to a patient
during photon (or electron) therapy.

The accuracy required in dose delivery is derived from the difference in dose which can be
detected clinically, i.e. from the steepness of the dose-effect curves for local tumor control or normal
tissue complications and the separation of these curves. These curves are generally sigmoïd in shape;
their slope and relative position may differ from one situation to another.

The clinical data from which the dose-effect curves are derived should ideally be obtained
from homogeneous groups of patients differing only by the level of the administered dose. This is
certainly not the case in all reported series (historical series, modifications in techniques, etc ... ). In
addition, clinical studies generally assume that each radiation beam adequately traverses the desired
target volume during every session and that the total absorbed dose at the dose specification point is
equal to the prescribed dose. This is unfortunately not always the case, and in a good standard
radiotherapy centre, where a quality assurance program is regularly applied, the setting of patients
is generally considered as the weakest point of the chain and largely contributes to the uncertainty in
the dose level but also to distortion of the dose distribution.

Although, in principle, the required accuracy should be derived from human data, in practice
however, taking into account the difficulties discussed above, useful information can also be derived
from theoretical models and from in vitro or animal experiments, where all parameters can be better
controlled. However, one has to recognize the difficulties when extrapolating data from models or
animal experiments to clinical situations.

2. DOSE-EFFECT RELATIONSHIPS FOR LOCAL TUMOR CONTROL

Steep dose-effect curves for local tumor control are derived from cellular models. In the
example presented in Table I [9] assuming an initial number of clonogenic cells of 8 x 107 and a
E>0(eff) of 3.5 Gy for a fractionated irradiation, the tumor control probability ranges from 50% at 65
Gy to about 5% and 85% at dose levels of 60 Gy and 70 Gy respectively (i.e. for dose variations of
less than +_ 10%). This is of course an extreme situation where the radiosensitivity of the cell
population is assumed to be homogeneous.

Steep dose-effect curves are also observed when irradiating experimental tumors. For
example, for mammalian carcinoma in C3H mouse, irradiated with a single fraction in anoxic
conditions, tumor control rate increases from 20% to 80%, when increasing the absorbed dose from
5 Gy to 6 Gy [10].
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TABLE I

Variation of tumour control probability computed as

Absorbed dose
(Gy)

50
55
60
65
TO
75
80
100

a function of absorbed dose*

Tumour control
probability (%)

0.0000
0.0006
5.54
50.00
84.70
96.10
99.05
99.997

* Based on an initial clonogenic cell number of 8 x 10? and a D^m for fractionated irradiation of
3.5 Gy, giving a 50 % tumour control probability at 65 Gy. (From Withers and Peters [9] )

As far as clinical observations are concerned, it is probably the merit of Shukovsky [11] to
have drawn the attention to the steepness of the dose-effect curve for local control of T2 and T3
supraglottic squamous cell carcinoma. On the other hand, for T\ lesions, no variation of the tumor
control level with dose was observed above 60 Gy, but the cure rate was high (> 80 %) and a
variation of the response with dose was no longer expected. Although a réévaluation of these data
[12] resulted in a less steep curve (see Table II), Stewart and Jackson [13] came to similar conclusions
for T3 larynx tumors: when increasing the absorbed dose from 52.5 Gy to 55 and 57.5 Gy (i.e. a 5%
or 10% difference), the local control rate increased from 35% to 45% and 70%, respectively. In the
same review for T2 tumors, a 5% increase in dose (from 52.5 to 55 Gy) slightly improved the
(already high) local control rate from 65% to 80%. As can be expected, for Tl tumors, the
dose-effect relation leveled off at 52.5 - 57.5 Gy, where the local control rate was as high as 95%.

Even for Hodgkin disease, Kaplan [14] has shown a rather steep dose-response relation: the
local cure rate increases from 22% to 40%, 65% and 95% when the dose increases from 5 to 10, 20
and 40 Gy respectively.

Figure 1 presents the data reported by Battermann et al. [15] for T4B bladder tumors. A very
steep dose-effect curve is observed both for photons and fast neutrons.

The data available at present are summarized in Table II where the relative slope of the
dose-effect curves is expressed as the difference in dose (in percent) producing a change in tumor
control probability from 50 to 75%, which corresponds to the current clinical range [16] [17]. Thus,
a small value for the relative steepness is related to a steep dose-effect curve. The figures range
between 5 and 50%, but are smaller than 20% for the small head and neck tumors. The data
presented in Table II indicate the influence of the absorbed dose level only, all other parameters being
kept constant. The table does not refer to situations where the irradiation techniques and thus the
resulting dose distributions differ, as often occurs, when data obtained using different techniques or
data from different centres are compared.
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The level of accuracy required in radiotherapy can also be derived from the evaluation of the
minimum dose variation which can be detected clinically. In that respect the data obtained at the
Institut Gustave Roussy on tonsillar carcinoma [18] indicate that a difference in dose of 10% can be
detected from the observation of tumor regression. In that randomized clinical trial published in
1967, photons and electrons were compared, but for several reasons which were discussed [4], the
dose delivered per week was 10% lower in the electron group than in the photon group. This
difference in "nominal target absorbed dose" resulted in a faster tumor regression in the photon group
relative to the patients irradiated with electrons. As no RBE effect could be invoked to explain this
observation, it could be concluded that a difference in target absorbed dose of 10% is clinically
detectable. Because the group of patients was randomized, tumor regression could be assumed to be

TABLE II

Relative steepness of the dose-effect curve for local tumour control
The steepness is expressed as the relative increase in absorbed dose (in %) producing a
__________change in tumour control probability from 50 to 75 %.__________

Site of tumour_____________________________Steepness (%)

Supraglottic larynx T£ and TS (Shukovsky) 5
Larynx T3 (Stewart and Jackson) 6
Supraglottic larynx all stages (Hjelm-Hansen et al.1 U

Larynx all stages (Hjelm-Hansen et a], ) 12
Bladder T4ß (Battermann et al. ) 13
Epidermoid carcinoma head and neck (Cohen) 13

Supraglottic larynx TI and T2 (Ghossein et al.) 13
Skin and lip (Strandqvist) 17
Supraglottic larynx T£ and T3y revised analysis

of the Shukovsky date (Thames etal.) 17

Nasopharynx TI and T£ (Tokars and Griem) 18
Nasopharynx (Moench and Philips) 19
Lymphoma (Fuks and Kaplan) 21

Retromolar trigone/anterior faucial pillar TI and T2
(Thames et al.) 21

Bladder all stage (Morisson) 26
Base of tongue TI and T2 (Thames et a\r) 31

Tonsillar fossa TS and T4 (Thames et al.) 32
Hodgkin (Kaplan) 46
Base of tongue TS and T4 (Thames et al.) 50

Prom Mynheer et al. [16]
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Fig. 1. Treatment of bladder tumours (T4B) with photons (triangles) and fast neutrons (circles).
The dose-effect relationship for tumour control (1) (open symbols) and for skin and intestinal
damage (2) (close symbols) are indicated. As the curves for skin and intestinal damage are almost
identical, just one curve is shown. The curves have been computed adopting the equation :p =
exp (a + bD)/ fl + exp (a + dD)J where P is the probability for an effect and D the absorbed
dose.
(Modifiedfrom Battermann et al., [15]).

a relevant parameter to calculate the efficiency of the treatment. However, for the same "nominal
target absorbed dose", the dose distribution was different for photon and electron irradiation, which
could also influence tumor regression.

Although the importance of accuracy in target dose delivery is well recognized, the role of
precision remains a subject of debate [19] [20]. Using mathematical modelling, Boyer and Schultheiss
[21] concluded that the cure rate of early stage patients increases by about 2% per 1 % improvement
of precision in dose delivery.

3. DOSE-EFFECT RELATIONSHIPS FOR NORMAL TISSUE TOLERANCE

As far as normal tissue reactions are concerned, there is a lot of experimental evidence that,
here also, steep dose-effect curves are observed. As an example, for intestinal tolerance in mice (Fig.
2), the survival at 6 days after a single fraction irradiation decreases from 75% to 50% when the dose
is increased by 14.9% (Table III ). The dose-effect curve is even steeper after 10 fraction irradiation,
and the survival of the animals is reduced from 75% to 50% when the absorbed dose is increased by
9.4% [22].
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There is also clinical evidence that steep dose-effect curves exist for normal tissue tolerance.
The first ones were reported by Herring and Compton [5] from the analysis of the data of Fletcher
for laryngeal oedema and sigmoiditis and of the data of Phillips and Buschke for myelitis.

Table IV summarizes the clinical data at present available. They are presented in a similar
way as the tumor data in Table II, but the relative increase in dose (in %) producing an increase in
normal tissue complications (NTC) from 25% to 50% is quoted (as a matter of fact this range
corresponds better to the current clinical situation [16] [17]. The quoted steepness increases from 2
to 17% depending on the tissue and irradiation conditions.
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Fig. 2. Dose-effect relationships for intestinal tolerance in mice after abdominal irradiation with
60 Co gamma rays and d(50)+Be neutrons. Intestinal tolerance is assessed from the survival of the
animals scored 6 days after a single fraction irradiation (left) or after 10 fraction irradiation
(right). In this latter case, the successive fractions are separated by 3.5 h and the survival is
scored at 5.5 days after the mid-point of the irradiation (i.e. after the fifih fraction) (modifiedfrom
Gueulette [22].
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TABLE III

Comparison of the relative gradient of the dose-effect curves A50/75 for intestinal
tolerance in mice after abdominal irradiation with photons and neutrons for single and

fractionated irradiation

Fractionation A50/75* (95% confidence interval)

Single fraction 14.9 ** (12.3-19.2)

10 fractions 9.4 (7.6-12.2)

*A5(V75 is expressed as the relative increase in absorbed dose (in %) producing a change in survival
from 75 to 50 %. The relative gradients A50/75 are not significantly different after photon and
neutron irradiation, and only one value is given for both radiation qualities.

* the experimental data are taken from figure 2.

From Mijnheer et al. [16]

Similarly as for tumor control, the required accuracy can also be derived from the assessment
of the difference in dose which can be detected clinically from normal tissue reactions. For early skin
reactions, after electron beam irradiation, on adjacent fields in the same patient, a difference in dose
of 10% could be detected in 80% of the cases and a difference in dose of 20% could be detected in
90% of the cases (in the dose range corresponding to erythema and dry desquamation). In
symmetrically irradiated supraclavicular fields, differences in dose of about 5% could be detected
clinically [23]. Similar conclusions were reached by Turesson and Notter [24]: the effect of a dose
difference of 6 to 7% could be detected to a significant level by reflectance determination for skin
erythema, but not for pigmentation.

Dose-effect relationships for late skin telangiectasia (at 10 years) has been reported recently
by Turesson [25]. The relative steepness of the dose-response relations, yx, is expressed by the
increase in incidence per 1 % increase in dose, on the steepest part of the dose-effect curve (which
corresponds to a 50% incidence). 750 increases with the severity of the skin alteration (from score
1 to score 4) and with the dose per fraction (Table V).

4. WHAT CAN WE DERIVE FROM RETROSPECTIVE ANALYSIS OF CLINICAL RESULTS

Additional information concerning the shape and separation of the dose-effect relations for
tumor control and normal tissue complications can be derived from systematic retrospective studies
on large patient series.
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TABLE IV

Relative steepness of the dose-efifect curve far normal tissue reaction
The steepness is expressed as the relative increase in absorbed dose (in %)

producing a change in the probability for normal tissue reaction
from 25 % to 50 %.

Normal tissue reaction Steepness (%)

Major chronic complications of the larynx
(Harwood and Tierie) 2

Peripheral neuropathy (Stoll and Andrew) 3
Late skin damage (Battermann et al.) 4

Late intestinal damage (Battermann et al.) 4
Brachial plexus (Svensson et al.) 5
Radiation pneumonitis (van Dijk et al.) 6

Skin reaction (Turesson and Notter) 7
Major complications of the intestine and bladder

(Morrison) 9
Skin and lip (Strandqvist) 10

Myelitis (Phillips and Buschke) 15
Major and non major complications of the larynx

(Ghossein etal.) 17

Prom Mynheer et al. [16]

TABLE V

Dose effect relationships for late skin telangiectasia. The relative steepness 750
(see text) is expressed as a function of the severity of the lesion and of the fractionation.

Score > 1

Score > 2

Score > 3

Score > 4

Fractionation
5 x 1.8 Gy/week 2 x 3.6 Gy/week

1.6 1.6

1.9 2.3

3.0 2.7

4.3 4.1

1x7 Gy/week

-

4.6

5.5

6.4

From I. Turesson [25]
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Such investigations were performed, at a large scale, in the United States within the frame
of the "Patterns of Care Study" [26] [27] [28]. The example of prostate cancer is particularly
illustrative.

A total number of 2026 patients, with prostate adenocarcinoma, were treated between 1956
and 1979 in 7 major U.S. institutions (Stanford University, Mallinckrodt Institute, M.D. Anderson
Hospital, University of Arizona, Medical College of Wisconsin, Virginia Mason Clinic, Massachusetts
General Hospital). For this study, the average annual access of patients with prostatic cancer varied
between 11 and 36 per year and per institution.

Among these 2026 patients, the study of Hanks [29] analyzed 574 patients treated between
1973 and 1975, which provides a "two-year time window". Table VI presents the distribution of
patients according to the dose level which has been delivered. The doses indicated have been
recalculated by the physics team which performed the survey; they correspond to the absorbed dose
at the center of the prostate (which is close to the It specification point" defined in ICRU Report 29
[8]. The local control rate increases with dose level, up to approximately 65 Gy, and then tends to
level off.

In Tables VII-X, the different "T" groups are analyzed separately. For small tumors (To,^),
local control is higher than 92% and, consequently, no dose-response curve can be derived. On the
other hand, a significant dose-response relation is observed for T2 and T3 tumors. For T4 tumors,
which are fixed or invade adjacent organs, no dose/response relation can be obtained below 70 Gy;
a dose at least as high as 70 Gy then seems necessary to obtain optimal local control (Table X).

TABLE VI

Radiotherapy of prostatic adenocarcinoma (1973-1975)
Relation between absorbed dose and infield recurrence rate (at 4 years)

All T stages pooled : T-0,1,2,3,4, N-0, M-0
The doses are specified at the centre of the prostate

Absorbed dose (Gy) Number of patients Recurrence rate

< 55 31 24 %
55-59,99 65 20%
60-64,99 93 16 %
65-69,99 195 11 %

>70 190 10%

Total 574

Significance whole curve p = 0.05
Significance linear trend p = 0.01

From Hanks, 1985 [29]
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TABLE VII

Radiotherapy of prostatic adenocarcinoma (1973-1975)
Relation between absorbed dose and infield recurrence rate

Stages :T-0,1, N-0,X,M-0
(same presentation as Table I)

Absorbed dose (Gy)

<55
55-59,99
60*4,99
65-69,99

a 70

Total

Significance whole curve
Significance linear trend

Number of patients Recurrence rate

8 0%
24 8%
30 7%
75 3%
65 6%

202

p = N.S.
p = N.S.

from Hanks, 1985 [29]

TABLE VIII

Radiotherapy of prostatic adenocarcinoma (1973-1975)
Relation between absorbed dose and infield

Absorbed dose

<55
55-59,99
60-64,99
65-69,99

>70

Total

Significance whole
Significance linear

Stages : T-2, N-0, X,
(same presentation as Table

(Gy) Number of patients

10
17
17
51
41

136

curve p = 0.06
trend p < 0.05

recurrence rate

I)

Recurrence rate

40%
18%
12%
12%
10%

From Hanks, 1985 [29]
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TABLE IX

Radiotherapy of prostatic adenocarcinoma (1973-1975)
Relation between absorbed dose and infield

Absorbed dose

<55
55-59,99
60-64,99
65-69,99

>70

Total

Significance whole
Significance linear

Stages :T-3,N-0,X,
(same presentation as Table

(Gy) Number of patients

8
14
29
53
61

165

curve p < 0.01
trend p < 0.01

recurrence rate

I)

Recurrence rate

38%
36%
21%
11%
10%

from Hanks, 1985 [29]

TABLE X

Radiotherapy of prostatic adenocarcinoma (1973-1975)
Relation between absorbed dose and infield recurrence rate

Stages : T-4, N-0, X,
(same presentation as Table I)

Absorbed dose (Gy) Number of patients Recurrence rate

<55 11 36%
55-59,99 10 10%
60-64,99 17 29 %
65-69,99 16 38 %

>70 23 13%

Total 77

Significance whole curve : N.S.
Significance linear trend : N.S.

From Hanks, 1985 [29]
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From these data, and the complications observed, an optimal dose level can be derived for
each T group (Table XI); it increases with T stage (or with the tumor volume or extent) due to the
increased number of cancer cells which have to be killed.

As far as complications are concerned, 3.5% were observed for doses below 70 Gy and 7%
(twice as much) for doses above 70 Gy (in this study only severe complications are considered, for
which there was a hospital admission for diagnosis or management).

Taking into account the "optimum" dose levels derived from Tables VII-X, it can be seen
(retrospectively) that for some patients the prescribed dose was too low and for others too high. In
particular (Table XII), 167 patients with T0, T1; T2 and T3 tumors received more than 70 Gy, which
induced 12 complications (with the "optimum dose", only 6 complications would have been expected).
On the other hand, local failure would probably have been avoided in 28 out of the 151 (18%)
patients who received less than the optimum dose.

A more recent study on 313 patients with Tj tumors of the prostate confirmed that, for limited
primary tumors, the optimum target dose is less than 70 Gy, and lies between 60-65 Gy [30]. There
was indeed no dose-response relation for in-field recurrence above 60 Gy, the failure rate at 5 years
remaining 12%. As far as major complications are concerned, they ranged from 0% at 60 Gy to 1 %
at or above 70 Gy.

This review of some of the results from the "Patterns of Care Study" indicates that differences
in dose of about 10% can result in clinically detectable differences in tumor control and normal tissue
complications. Such retrospective studies, implying a review of large amounts of patient records, can
provide important and basic data concerning a large proportion of the patient population. Especially,
they can provide information on the complete dose-response relation, which for obvious ethical
reasons, can not be obtained from prospective trials. However, these studies provide only
(statistically significant) correlations, for which it is sometimes difficult to identify and to separate
the influence of different possible factors. In particular, the patient series are not always comparable
and differences in the applied techniques can bias the outcome.

TABLE XI

Radiotherapy of prostatic adenocarcinoma (1973-1975)
Optimum dose level according to T stage

Stage Number of Optimum absorbed dose (Gy)
patients

minimum maximum

T-0, T-l 202 ? 60
T-2 133 60 < 64,99
T-3 163 65 < 69,99
T-4 76 >70 ?

Prom Hanks, 1985 [29]
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TABLE XII

Cancer of the prostate : dose-optimization by T stage
Complication rates resulting from inappropriate dose delivery

Number of patients with TO,T1, T2,and T3
tumours who received a dose > 70 Gy * 167

Complications observed ** 12

Complications expected if appropriate
dose level could have been given *** 6

Avoidable complications 6

* complication rate above 70 Gy = 7 %
** severe complications (see text)
*** complication rate below 70 Gy = 3.5 %

From Hanks [29]

Prospective randomized trials are an alternative and their value is recognized: they answer
specific questions and compare the respective value of 2 (or more) treatment modalities. They are
the only way to eliminate a possible bias in the patient recruitment. However, their limitations have
to be kept in mind: one trial can answer only one (or few) specific question(s) and the conclusions
are derived on a small fraction of the patient population, because of frequent strict rules of exclusion.

5. GEOMETRICAL PROBLEMS

As far as geometrical problems are concerned, the treatment prescription includes the adequate
delineation of the clinical target volume and of the planning target volume [8] [31] taking into account
the tumor type and extent, as well as tissues at risk in the vicinity. The treatment execution includes
the patient positioning (and immobilization) and beam positioning with respect to the patient,
according to the planned beam arrangement. The selection of the beam quality (photons/electrons),
beam energy and arrangement (number, size, orientation) can be considered as part of the prescription
and/or execution (the border between prescription and execution should not be too rigid).

When a recurrence or a complication is observed, there is a tendency to incriminate the
dosimetry (dose level) with the implicit assumption that the beams were correctly positioned. It is
often difficult to evaluate a posteriori the influence of a geometrical error. Of course, when detected,
it is immediately corrected and the only permanent documents are the portal films and eventually the
records of the machine parameters. These permanent documents reflect only a small part of the
successive steps involved in a correct positioning.
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5.1. Random errors in patient positioning

During patient positioning "random" and/or "systematic" errors can be introduced. The
possible consequences of random errors have been thoroughly analyzed by Goitein [7] [32]; they can
result in distortion of the dose distribution which in turn could influence the local control rate or
complication rate. The distinction between random errors and systematic errors is not always easy.
Some examples of errors in patient positioning, and their consequences, will be presented.

Distortion of the dose distribution

Positioning errors are illustrated in Fig. 3, for a single posterior-oblique field [7]. The
relative position of the beam with respect to the target volume can be altered either by a wrong
position of the patient, a wrong position of the beam or both (Fig. 4) In simple cases (single beam,
parallel opposed beams) it is relatively easy to imagine the consequences of positioning errors.
However, for more complicated (and not infrequent) beam arrangements (3 or more fields), the
"intuitive approach" is difficult and could be misleading. Therefore, in addition to the dose
distribution currently computed assuming the "ideal" positioning, Goitein proposes to compute also
the dose distributions in the extreme cases (Fig. 4). This additional workload is justified in a number
of cases.

Loss in local control rate

Goitein and Busse [32] have evaluated the consequences of an inaccuracy in positioning with
regard to local control rate for the particular case of squamous-cell carcinoma of the head and neck
area. It was assumed that the target volume can be adequately covered by 2 parallel opposed fields,
9 cm x 7 cm in size; the inaccuracy in positioning was estimated to be 5 mm (Fig. 5).

Two alternatives can be considered. First, if the therapist is aware of the limitations of his
positioning technique, he will compensate by enlarging the field size. In the chosen example, a 9 cm
x 7 cm field is then replaced by a 10 cm x 8 cm field, i.e. a 27% increase of the beam section (or
volume of irradiated tissue). The normal tissue tolerance decreases with the size of the irradiated

(o)

Aperture
moved

Fig. 3. (a) A single posterior oblique field designed to avoid the cord while treating a central
target, (b) A possible alignment error in which the patient is displaced laterally relative to the
intended position (shown with dashed lines). The cord is then at the geometric edge of the beam,
(c) Calculationally equivalent situation to that shown in (b) in which an aperture is considered to
have been displaced laterally to the patient.
From Goitein [7].
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May or may not
be in field

Definitely
inside field

Definitely
outside field

Nominal
aperture
position Uncertainty

in aperture
position

Fig. 4. Schematic representation in two dimensions of the zone of uncertainty near the geometric
edge of the aperture. Points inside that zone are (at the confidence level implied by the thickness
of the zone selected) likely always to be "inside" the field. Points outside are likely always to be
"outside" the field. Points within the crosshatched zone may or may not be within the field.
From Goitein [7J.

A B C
Fig. 5. Treatment fields considered typical for treatment of squamous-cell carcinoma of the
suppraglottis.
A. The tight field used with good immobilization.
B. The loose field used with less careful immobilization. The volume of this field is (10 x

8)/(9x 7) = 27% larger than that of the tight field.
C. A region of reduced dose (II) within the margins of a 9 cm x 7 cm field due to random ±

mm immobilization error.
From Goitein and Busse [32].
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volume; in the present conditions, the decrease in dose can normally be expected to be 3%. In turn
the consequence of a 3 % reduction in dose, on the tumor control rate, can be evaluated from the
dose-effect relationship (or its slope) at the considered dose level (Table XIII). For example, using
the data of Shukovsky [11], at 74 Gy a 3% dose reduction will reduce the tumor control rate from
95% to 90 %; at 66 Gy (steeper part of the dose-effect relation), it will reduce the control rate from
59% to 44%.

In the second alternative, it is assumed that no action is taken to compensate for the
inaccuracy in positioning (5 mm at each of the 4 field edges). There will be a decrease in dose at
the border or the target volume, the consequences of which are evaluated. The marginal recurrence
rate was calculated (Table XIII) for different assumptions on the number of cancer cells present and
on the dose reduction in the peripheral strip.

A similar evaluation has been performed for Hodgkin patients. The consequences of
inaccurate positioning were found less dramatic than for head and neck (Table XIV). This could be
explained, at least partly, by an apparently shallower dose-effect curve for tumor control. This can
be due to the heterogeneity in the tumor group (e.g. histology) and does not exclude the existence of
a steeper dose-effect curve for some subgroups of Hodgkin patients. The rather large field size used
in the treatment of Hodgkin's disease could also be an explanation.

The relative importance of some factors which could lead to random errors has been
investigated by Blanco et al. [33] using multiple verification films. Huizenga et al. [34] reported the
results of a study on the accuracy in radiation field alignment for treatments of head and neck tumors.
The random errors in transition from simulation to treatment and treatment-to-treatment variations
were analyzed.

5.2. Systematic errors in patient positioning

Up to now only "random positioning errors" were considered. The consequences of a
systematic error in the positioning and/or in the appreciation of the disease extent are even more
dramatic; they are discussed in this section.

TABLE XIII

Irradiation of supraglottic disease

Field size Tumour control probability
(cm x cm) 66Gy 74Gy

Dose level Dose level

Standard set-up 9x7 59% 95%
Enlarged field 10x8 44% 90%

Dose in margin
18%low 9x7 47% 85%
50%low 9x7 19% 31%

From Goitein and Busse [32]
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TABLE XIV

Irradiation of Hodgkin's disease

Field size Tumour control probability
(cm x cm) 44 Gy

Dose level

Standard set-up 30 x 12 98.7 %
Enlarged field 32x14 98.3%

Dose in margin
18% low 30x12 98.4%
50% low 30x12 96.5%

From Goitein and Busse [32]

A clear illustration of the role of the geometry problems in the outcome of a radiation
treatment has been provided in the "Patterns of Care Study" [35] [36]. The geometry problems are
particularly important when complex irradiation techniques have to be applied, as for example for
patients with Hodgkin's disease [37].

The records of 200 patients treated for Hodgkin's disease were reviewed, which corresponded
to a total number of 990 involved lymph node areas. These patients were treated in 5 U.S. centres
(referred to as centres A, B, C, D and E, in Table XV), "selected" on the base of their large
recruitment and experience.

The infield recurrence rate was evaluated for each centre. For centres B, C, D and E, it was
lower than the average value over the U.S. centres (this average value is referred to, in Table XV
as the "expected" value). On the other hand, the infield recurrence rate of centre A is about 3 times
as high as the expected value.

In order to explain this observation, the portal films were reviewed and a higher proportion
of inadequate margins was observed in centre A (63% compared to 16-33% for the other centres, see
Table XVI). In addition, the importance of inadequate margins on portal films is illustrated by the
fact that the infield recurrence rate is 4 times higher for patients with inadequate margins (32% and
8% respectively, see Table XVII).

When patients were treated with combined chemotherapy and radiation therapy, the survey
did not show any increased infield or marginal recurrence rate, even with inadequate portal margins.
This indicates that MOPP chemotherapy can compensate for technically inadequate radiation therapy
(which is obviously not the goal of chemotherapy).

This study illustrates how, in the presence of an infield recurrence, one has to check first the
field size, and the patient positioning (i.e. retrospectively the portal films) before invoking a tumor
radioresistance, a wrong selection of the prescribed dose or a dosimetric error. As a matter of fact,
there was no dose-response relation between 30 and 50 Gy (in that dose range, the local control rate
was higher than 94%).

28



TABLE XV

Radiotherapy of Hodgkin's disease (1973-1974)
Infield or marginal recurrence rate for 5 selected

North American Centres

Facility

A
B
C
D
E

Number of patients

48
43
33
42
45

Relative rate of
infield recurrence

at 3 years *

2.89
0.49
0.62
0.00
0.92

p < 0.00006
* corrected for stage, and expressed as the ratio of observed to expected infield recurrences. Values

greater than 1.0 reflect increased recurrence rate; values smaller than 1.0 fewer than expected.
Prom Kinzie et al., [36]

TABLE XVI

Radiotherapy of Hodgkin's disease (1973-1974)
Frequency of inadequate portal margins by facility

Facility Number of patients

A 54
B 50
C 37
D 50
E 41

Total 232

Patients with
innadequate margins

34(63%)
12(24%)
12 (33 %)
8 (16 %)
11 (24 %)

77

Prom Kinsde et al. [36]

TABLE XVII

Radiotherapy of Hodgkin's disease (1973-1974)
Effect of inadequate portal margins on infield (or marginal) recurrence.

Number of patients Recurrence rate (%)

Adequate margins 115
Inadequate margins 66 32%

From Kinzie et al. [36]
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6. BRACHY- AND INTERSTITIAL THERAPY APPLICATIONS

As discussed above, geometrical errors were found to be of considerable importance in
external radiotherapy. It is then to be expected that in brachy- and interstitial therapy, because of
the short distances to the sources, the geometry problems will be even more critical. In addition, it
is in general more difficult, than in external beam therapy, to separate what is related to the dose level
from what is related to the dose distribution. The available data are rather scarce, but the examples
which are discussed below indicate that there exists a close correlation between recurrence and
underdosage, as well as between late complications and overdosage.

As early as in 1962, Fletcher and Stovall [38] have correlated dose distribution and clinical
outcome after interstitial therapy. Hundred and one patients treated between 1948 and 1959 for
squamous cell carcinoma of the anterior 2/3 of the tongue were analyzed : retrospective computer
dosimetry was performed using the control radiographie films. In at least 12 out of the 20 observed
recurrences, there was inadequate coverage of the tumor; in a few cases doses as low as 40 Gy were
calculated in some parts of the tumor volume. In addition, a correlation was observed between
necrosis and high dose (some patients received doses as high as 90 and even 100 Gy at some parts
of the target volume). Similar conclusions could be derived for the floor of the mouth.

A similar study was reported, in 1962, on 63 cases of Tl and T2 tumors of the anterior 2/3
of the tongue treated by radium implant [39]. The doses at the centre of the implanted volume were
recalculated and correlated with the complications. In a group of 30 patients who received more than
80 Gy in about 4 days, a persistent ulcération or late necrosis of the lingual mucosa was observed in
17 cases. This high complication rate was not compensated by an increased percentage of local
control.

For squamous cell carcinoma of the uterine cervix, Jampolis et al. [40] analyzed the sites and
causes of treatment failures. A total number of 916 patients (IB to IIIB) were treated, between 1964
and 1969, with radium application at the M. D. Anderson Hospital. Eighty-three central failures were
observed in the vaginal vault or in the remaining uterus. Retrospective computer dosimetry revealed,
in 35 cases, an underdosage at the site of the recurrence due to either an improper placement of the
ovoids or to the use of a vaginal cylinder instead of the ovoids. As a matter of fact, the vaginal
cylinder reduces the dose to the lateral part of the cervix. In 44 cases, central failure occurred in
large, bulky tumors for which the endocavitary application could not deliver a sufficient dose at the
tumor periphery. In these latter cases, external irradiation should have been given first in order to
reduce the tumor bulk before the radium application. In addition, a total number of 132 regional
failures were observed in the pelvis or in the regional lymphatics. Fifty-one of them could be
correlated with an underdosage, often resulting from the radium applicator being skewed away from
the side where the recurrence occurred.

Analyzing the causes of 14 recurrences after iridium-192 implants, Pierquin et al. [41] were
able to show, when reviewing the tomograms and the dosimetry, that one or more distinct zones of
underdosage were present in 11 cases.

More recently, in a large retrospective study on tongue implant, Burgers [42] observed a
correlation between local recurrence and geometrical imperfection. In 18 out of 20 recurrences,
geometrical imperfections were observed : 16 cases show geometrical defect on the isodose
distributions and in 10 cases the treatment volume was too small compared to the target volume. In
8 cases, both types of geometrical imperfections were present. Of the locally cured cases, only 6/18
had geometrical imperfections. However, the same author could not find a similar degree of
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correlation for bladder or perineal implants, probably because other factors obscured the situation and
had more influence on the clinical outcome.

7. CONCLUSION

There is an increasing amount of clinical evidence indicating that a high degree of accuracy
in dose delivery is essential for the success of radiotherapy. In principle, the highest possible
accuracy should be aimed at: it applies to the dose level as well as the dose distribution (physical
selectivity).

Accuracy requirements, for the assessment of absorbed dose in radiotherapy, can be derived
from the dose-effect curves for local tumor control and normal tissue complications.

The review of the dose-effect curves shows that the relative gradient *xns of most curves for
local tumor control varies between 10 and 20%, whereas dose-effect curves for normal tissue
complications have a A»/^ between 4 and 10%. Radiobiological data, cellular models, and clinical
results from the "Patterns of Care Study" are consistent with these estimations.
As a consequence, a standard requirement of 3.5% is proposed for combined uncertainty (one relative
standard deviation). This applies to the absorbed dose at the specification point.

It is however recognized that, in many cases, larger values are acceptable but in a few special
cases an even smaller value should be aimed at if very steep dose/effect curves are involved. From
a practical point of view it is, however, difficult to conceive several levels of accuracy in the same
radiotherapy department.

For the determination of the absorbed dose to other points in the planning target volume [31],
other uncertainties have to be added: e.g. in the correction procedures for the irregular patient surface
contours and in the off-axis absorbed dose determinations. The uncertainties in the dose calculation
algorithms also have to be added for more complicated treatment techniques. At these points, a 5%
(one standard deviation) dose accuracy requirement therefore seems more appropriate.

At present, the combined uncertainty in the absorbed dose delivered to a patient, for a very
simple treatment with 2 opposing beams, amounts to about 4 % for high energy photon beams, even
if part of the type B uncertainties (e.g. calibration of the ionization chambers) is ignored [16].

It can therefore be concluded that at present, even for simple treatment conditions, the
proposed accuracy in absorbed dose delivery of 3.5 %, required if a high dose would be needed,
cannot fully be achieved in photon therapy. The requirement of 3.5%, which lies just beyond the
present possibilities of radiation dosimetry, might act as a stimulus to improve the techniques.

Reduction in the total type A uncertainty can be obtained by reducing the uncertainties during
the determination of absorbed dose distribution in the phantom and those introduced by the patient.
This can be achieved by careful choice of the measuring conditions, of the treatment technique, and
intensive training of the technical staff [1,3,6],

Reduction in the total type B uncertainty can mainly be obtained by better knowledge of the
physical parameters employed in ionization chamber dosimetry. In photon dosimetry this can be
obtained by reducing the uncertainty in the ratio of the mass stopping power values and acquiring a
better knowledge of the influence of the wall material on the reading of the field instrument [3] [16]
[43].
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In all centres the same protocol should be used for clinical dosimetry. In spite of good
protocols, however, still a fairly large difference might be observed between the absorbed dose stated
by the centre relative to that determined by an independent group of observers [43]. Quality
assurance programme in radiotherapy are therefore necessary [3] [17] [44]. Repeated dosimetry
intercomparisons are more and more frequently carried out between institutes cooperating in clinical
trials [45] [46]. This provides the participants with the possibility of checking the type A and type
B uncertainties of their clinical dosimetry procedures, and the longterm applicability and justification
of their monitoring arrangement and measurement conditions.

Preferably dosimetry intercomparisons should not be restricted to the measurement at the
reference point in the phantom under reference conditions ("beam calibration "). Intercomparison of
the whole procedure of treatment of a specific tumor may also reveal other type B uncertainties, e.g.
in the "beam calibration" under actual treatment conditions, in the computer dose planning and in the
dose specification for reporting.

Since the dose variation throughout the planning target volume may vary from about 5% to
20% depending of the situation, disagreement in the method of dose specification for reporting may
introduce differences in the reported dose of the same order of magnitude, which in turn would make
the interpretation of the clinical results very difficult. Recommendations for a common terminology
and definitions of concepts, as well as for methods for dose specification for reporting to be accepted
at the international level have been a major concern of the ICRU since many years [6] [8] [31] [47]
[48]. There should be an additional advantage if the same terminology would be used for prescribing,
recording and reporting the treatment.
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WHICH PARAMETERS OF THE DOSE DISTRIBUTION ARE BEST RELATED TO
THE RADIATION RESPONSE OF TUMOURS AND NORMAL TISSUES ?

A. BRAHME
Department of Radiation Physics,
Karolinska Institute and Stockholm University,
Stockholm, Sweden

Abstract

Based on simple radiobiological models the effect of the distribution of absorbed dose in therapy beams on the radiation
response of tumor and normal tissue volumes are investigated. Under the assumption that the dose variation in the treated
volume is small it is shown that the response of the tissue to radiation is determined mainly by the mean dose to the tumor
or normal tissue volume in question. Quantitative expressions are also given for the increased probability of normal tissue
complications and the decreased probability of tumor control as a function of increasing dose variations around the mean
dose level to these tissues. When the dose variations are large the minimum tumor dose (to cm3 size volumes) will generally
be better related to tumor control and the highest dose to significant portions of normal tissue correlates best to
complications.

1. RADIOBIOLOGICAL MODEL

1.1. Statistics of tissue damage

The classical theories for the killing of a cell assume that single or multiple hits are necessary
in one or several targets in this cell. The targets are often considered to be located in the cell
nucleus. To achieve a fair agreement between experimental results and theory rather complex multi
hit multi target combinations have to be used. Furthermore, it is also known today that the curvature
of the dose response relation is mainly caused by repair processes and to a lesser extent to target
structure. For this reason the mathematically more simple semi empirical linear quadratic expression
has been used more extensively during recent years for comparison with experimental data.

However, when the survival of a certain organ or a tumor is considered the single hit multi
target model may still be of interest as illustrated schematically in Fig. 1. The N targets are now
interpreted as the functional sub units or clonogenic cells making up the organ or the tumor, instead
of the various subtargets in the cell nucleus previously assumed to cause cell death when being hit.
For simplicity it is also assumed that each clonogenic cell is inactivated when an ionizing particle hits
the sensitive area of the cell, as quantified by the inactivation cross section a0 and illustrated in Fig.
1 (see also Eq. 3 below). The incident radiation beam causing the cell inactivation is described by
its fluence of ionizing particles, $. In the case of electron and photon beams this is the electron
fluence, and it can be related to absorbed dose to the organ by multiplying the fluence with the mean
restricted collision mass stopping power LJp for the electron spectrum in question. At a dose level
of 1 Gy the fluence is typically 3.109 electrons per cm2, assuming a mean stopping power typical for
high energy electrons and photons of about 2 MeV crcPg-1. Similarly, the density of ionizing events
may be calculated based on a mean inactivation event size of about 60 eV in unit density material.
At 1 Gy the density becomes 1014 events per cm3. This corresponds to a mean distance between
events of about 0.2 /*m in agreement with the fluence value just calculated.

When the inactivation cross section and the initial number of cells are known the mean cell
survival as a function of absorbed dose or fluence can be calculated somewhat in analogy with the
nuclear reaction probability in an irradiated medium. Since the probability for a given cell to be hit
by a given particle is extremely small but the beam consists of a huge number of particles, the mean
hit number is finite and the problem is ideally suited for Poisson statistics (Munro and Gilbert 1961,
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N(J (D Mean number of hits in organ

Fig. 1. The model used to calculate the response of an organ consisting of a large number of
individual cells (N) each with an inactivation cross section (a Jem 2 per cell), when exposed to a
radiation beam which is specified by its fluence ((^/particles cm-2).

Brahme and Âgren 1987). Thus the mean number of inactivated clonogenic cells, àN, due to a
fluence increase, d$, is given by:

(1)

This is the differential equation resulting in the traditional single hit exponential cell survival:

W= -N (2)

where N is the mean number of surviving cells and NQ is the initial value. The relation between D0
and the inactivation cross-section, a0, using D = $LA/p is given by

(3)

A more detailed discussion on the dependence of <r0 on radiation quality is given by Zaider and Rossi.
The inactivation cross-section for each cell is very small and the fluence of particles very large so that
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the product of them, the mean hit number per cell, a0$ (cf. Fig. 1) is finite. Therefore, Poisson
statistics can be applied to estimate the probability of having precisely v hits:

(4)y l

Thus the probability for no hits, Ph (0), or the probability that a given cell survives, Pt, becomes:

(5)

The probability that a single cell is killed (i.e. one or more hits) is therefore Pe = 1 - Ph (O).
Provided the killing of a cell is statistically independent of what happens to every other cell, the
probability that a tissue or tumor consisting of N0 cells is completely eradicated by killing all its N0
clonogenic cells is given by the conditional as expressed by

0 (6)

The survival probability for a tissue consisting of N0 cells is thus 1 - Pc which is recognized as
being mathematically similar to the traditional single hit multi target survival curve equation. If we
again apply Poisson statistics a very useful alternative expression for the probability of eradication
of a given organ can be derived from the probability of having precisely v surviving cells:

where N is the mean number of surviving cells as given for example by Eq.(2). From this expression
the probability of no survivals, Pt(O), or the eradication probability, P„ becomes simply:

p = € = e0
e

This expression is very closely related to Eq.(6) particularly at high dose levels such as on over the
sigmoidal part of the dose response curve. Eq.(8) always gives a slightly larger value than Eq.(6)
as can be demonstrated by power expansion of Eqs.(6) and (8) for dose values both larger and smaller
than D0. However, the more basic Eq.(6) should in principle be more accurate, but the difference
is never clinically significant for large values of N0. Due to the greater mathematical simplicity,
Eq. 8 has been extensively used over the years to accurately describe the shape of the dose response
relation (Munro and Gilbert 1961, Brahme 1984).

1.2. Cell survival curve

For a given cell population in vitro the relationship between the surviving cell fraction, 5, and
the absorbed dose deposited in a single irradiation is described by the cell survival curve (cf. Fig. 2).
The above equations are all derived in the approximation of the single event cell kill without
consideration of repair mechanisms. The simplest way to generalize the above equations to take such
processes into account in an approximate manner is to replace D0 by Dc the effective D0 (Withers and
Peters 1980, Brahme 1984). An even better fitting of experimental cell survival data over a wider
range of doses is obtained if the simple exponential cell survival Ps = e-D1D0 in Eq.(5) is replaced by
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Fig. 2. Comparison of different cell survival curve models. The solid line curve is the linear
quadratic relation whereas the dashed line corresponds to a tangent and the dash dotted a secant
through the mean dose per fraction.

a more precise expression in equations like (6) and (8). The shape of the cell survival curve taking
the effect of repair processes into account is generally very well described by an equation of the
type :

(9)

The coefficient a of the linear term in absorbed dose determines the slope of the survival curve at
small doses. The coefficient ß of the quadratic term is a measure of the shape of the shoulder of the
survival curve. A collection of survival parameter data for human tissues have been published by
Thames and Hendry (1987). An approximate but more simple cell survival curve model is given by
an expression of the type

(10)

where/ is the extrapolated cell fraction at zero dose assuming the slope of the almost linear part of
the cell survival curve on a logarithmic scale to be constant. £>0 is the absorbed dose that reduces the
proportion of surviving clonogenic cells to e-1 around the mean dose of interest D (see Fig. 2). This
relation has the advantage of being more accurate than Eq.(5) but it is still linear in dose and therefore
valid also for fractionated non uniform dose delivery with the total dose as sole variable. The
parameters D0 and / can be related to a and ß through simple relations if, for the dose range of
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Fig. 3. The variation of the probability to control a tumor consisting of Iff donogenic cells with
the total dose and the dose per fraction at a/ß = 5 Gy. Odd dose fractions are shaded to
illustrate the effect offractionation. It is seen that as the dose per fraction decreases the isoeffect
dose increases. The solid parallel and oblique lines correspond to a fixed dose per fraction of 2
Gy and a fixed number of fractions (12), respectively.

interest, the logarithm of the cell survival around the mean dose, D can be approximated by a straight
line. The shape of the survival curve as determined by the above factors will in the first
approximation describe the response of a cell system or organ to fractionated irradiation.

1.3. Dose response relation

Based on the shape of the cell survival curve after a single irradiation in vitro the response
of a tumor or an organ to multiple irradiations in vivo can be estimated. A detailed analysis is quite
complex as it has to consider the capacity of the resting cells to enter the cell cycle, the growth delay
of the different phases of the cell cycle, the efficiency of repair processes and influence of
oxygénation and nutritional factors, the condition of the vascular system and the radiation modality
used (e.g. particle type, energy and dose rate). For the present purposes only the gross radiation
effects are included in order not to complicate the mathematics.
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Using the linear quadratic model to describe cell survival after a total dose D the probability to
control a tumor is given by:

(»)

where N0 is the initial number of clonogens. This model makes it possible to accurately predict the
effect of dose fractionation by replacing D by the dose per fraction, D/n, by writing:

- e . e 02)

To illustrate the effect of the fractionation, the tumor control given by Eq.(12) is shown in Fig. 3 as
a function of the total dose and the dose per fraction. In this diagram it is seen how the total dose
required to control a tumor is reduced as the dose per fraction is increased. When the dose per
fraction is decreased and the number of fractions is increased the response surface becomes very
smooth with minimal effects of individual dose fractions. The general curve shape in Fig. 3 is
therefore determined by the effective mean cell kill per dose fraction. The cell survival can over a
clinically relevant dose per fraction interval around D/n according to Eq.(lO) be accurately
approximated by:

In order to make both the cell survival and the slope of the dose response relation equal at D =D,
effective extrapolation number, /, and the effective D0, Dc, are given by:

) (15)

Here D is the mean dose in the organ in question and a and ß are the cell survival parameters of
the linear quadratic model. The advantage of the above transform is that it will hold quite well
also for non uniform dose delivery as discussed by Brahme (1984) since it is linear in the total
dose, D. This is illustrated by the two intersections in the dose response surface in Fig. 3. The
dose response curve cut out by a vertical plane parallel to the total dose axis correspond to a
constant dose of just above 2 Gy per fraction. However, the oblique cut corresponds to a fixed
number of dose fractions delivered to the target and has the important property of being practically
independent of dose distribution fluctuations in the dose range of ±25 per cent around D (cf. Fig.
2 and Brahme 1984). Using the above notation, Eq.(12) may be simplified according to

PCD) = e *», e -Nf Q = e - e e - e (16)

where for simplicity the effective clonogen number, f*N0, is denoted Ne. Eq.(16) is a simple and
useful form of the dose response relation for tumor control. It can be generalized to describe the
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Fig. 4. The shape of the dose response relation given by Eq. (9) for l(f and l(f tumor cells. The
dotted line is a cumulative normal probability curve fitted by eye to the larger cell population.

radiation effect in any tissue by expressing the variables Ne and Df in terms of the normalized dose
response gradient, -y, and the dose causing 50% probability of effect, £>». If it is assumed that
the number of fractions is constant the dose response gradient at the inflection point becomes
simply:

\àDln (17a)

In Fig. 4 a constant dose per fraction was assumed instead. The corresponding dose response
gradient is slightly lower as given by

D
__1

e£>.
n In/

0 (17b)

Thus, at the steepest part of the dose response curve a dose increase of D0 increases the tumor
control by about 37 per cent. However, the dose increase should preferably be measured relative
to the total dose when effects of dosimetric uncertainties are investigated. A more important
quantity with regard to precision requirements in radiation therapy is therefore the normalized dose
response gradient, y, defined by:

y=7 dD (18)

This parameter is a dimensionless number which describes how large a change in tumor control
probability is to be expected for a given relative increase in absorbed dose. In fact a dose increase
of one per cent on the linear part of the dose response curve will result in an increase in tumor
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control probability of precisely y per cent. Under the assumption that the number of fractions is
constant and that only the dose per fraction is changed the normalized response gradient at the
inflection point, 7n, becomes:

InN +n In/y = —— 6 ——— 1 (19a)7

If instead the dose per fraction is kept constant the normalized response gradient is reduced simply
to:

(19b>

These expressions show, under the present simplifying assumptions, that for uniform tumors the
normalized gradient increases logarithmically with tumor size. It is also seen that a fixed number
of dose fractions results in a steeper dose response curve as also illustrated in Fig. 3.

If we replace De by Dx the uppermost exponent of Eq.(16) has to be equal to ln(ln(2)) when D
is equal to Dx, thus Eq.(16) may be rewritten as

ln(ln<2» = -e[re-ln(ln(2) j (1 - DID^ (2Q)P(D) = e- = 2

Even if this equation was derived for tumor control it is in this general form with 7 and D^ as
only clinical variables, also applicable to normal tissue injury, as discussed in detail by Källman
et al. (1991a). From Eqs.(14) and (15) combined with Eqs.(19b) and (20), respectively, it is
possible to derive how 7 and Dx will vary with the number of fractions, n:

_ n (21)
* p-

* ^ n ~ ~ ~ —DU a + 2ßD/n

From Eq.(21) it is clear that the value of 7 may increase by a few units when going from a
constant dose per fraction to a constant number of fractions (cf. Fig. 3). It is also clear how the
£>5o value increases with increasing number of fractions or decreasing dose per fraction.
Unfortunately, the increased 7 value with a constant fraction number will not generally make the
therapeutic window wider even though the same effect will influence both tumors and normal
tissues. This is because the difference between the Dx values will decrease simultaneously.

2. INFLUENCE OF ABSORBED DOSE DISTRIBUTION ON LOCAL TUMOR CONTROL
AND NORMAL TISSUE COMPLICATIONS

2.1. Fundamental considerations

In the preceding section it has been assumed that the absorbed dose distribution was
perfectly uniform over the entire tissue volume. In practice the dose distribution is seldom
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uniform and different parts of an organ or a target volume may also have different sensitivities.
Variations in local sensitivity and delivered absorbed dose distribution will influence the tissue
effect in a similar way during fractionated therapy since local variations in the surviving fraction
after each treatment are multiplied to give the net effect of a complete series of treatments.

The dependence of the probability of a radiation effect on a change in the absorbed dose
level can in the uniform case easily be expressed under assumption that the dose variation falls on
a sufficiently linear portion of the dose response curve. The increase in effect probability due to
a dose increase AD may then be approximated by the first few terms of the Taylor expansion:

P(D +AD) = P(D)

where y is the dose response gradient defined in Eq.(18).

Let's first look at a tumor. Assume that the initial clonogenic tumor cells, N, can be divided in
two populations of cells, Na and ATb, of equal sensitivity, irradiated to somewhat different dose
levels, Z?a and £>b, respectively. The control probability of each cell population is then given by
an expression of the type:

n
olr> I

(24)

Where S(D^-) is the survival after each dose fraction, Dati, to the population a, and with 2^D3ti=Dz

(compare Eq.16). The probability to control the total cell population is given by the conditional

probability, P, that b is controlled when a is known to be controlled. If, as a first approximation,

it is assumed that the actions on a and b are statistically independent, P is expressed by:

P = P • P
(25)

which may be rewritten:
n n

all S(Dai)+Afbn
i=l ' i=l

(26)

This expression is in agreement with Eqs.(8) and (16) as the terms inside the square brackets give
the expected mean number of surviving cells. If, for a moment, it is assumed that the dose
delivery is the same for both populations Eq.(24) may be rewritten:

ma
- (27)

where the last step is based on the assumption that the cell mass is constant throughout both cell
populations of masses ma and mb, respectively (m=m2+m^. It is seen that this expression is
consistent with Eqs.(25) and (26) because ma(m+m}>/m= 1. This is an explicit expression showing,
in general agreement with Fig. 4, that the dose response curve is shifted to higher control rates
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and lower doses as the number of cells, the tumor mass, or the volume decreases. Under
assumption of a constant tissue density a related expression was used by Goitein (1979) and
Schultheiss et coll. (1983).

2.2. The effect of over- and under dosage

The increase of the control probability of the whole tumor when a fraction Am of the
tumor mass m is receiving an excessive dose AD can now be expressed by combining Eqs.(23)
and (27)

P(D +AD,Am)

which may be rewritten: rm
P(D) (29)

If it is now assumed that AD/D and Am/m are so small that a power expansion is valid the change
in control probability may be approximated by the first order term given by:

(so)

which clearly illustrates how dose and mass errors combine as an integral dose error in the first
approximation. The second equality is based on the definition of the related quantity: the mean
energy imparted, <Ef,(ICRU 1980). In the first approximation it is thus the relative changes from
the desired mean energy imparted in the tumor volume that alter the control probability. This
result has important consequences for dose specification in radiation therapy . If the dose variations
are not too large the mean absorbed dose to the tumor volume should be closely related to the
therapeutic effect. The mean absorbed dose is defined by the expression:

fz>(r)dm iD(r)dm \ D(r)p(r)dV
—— (31)m

p(r)dVI
where D(r) and p(r) are the absorbed dose and density of the tumor at position r and dV is the
differential volume element. The use of D will make the increased and decreased cell killing in
hot and cold areas, respectively, compensate each other in the first approximation. This is so
because in the hot part of the tumor volume the error in mean energy imparted, Al+, is larger than
zero whereas in the cold portion Ae is less than zero and according to the definition of mean dose
A"e =Al+ +AT= 0. In the first approximation according to Eq.(30) AP is therefore equal to zero
and the tumor control should be quite close to that expected for a uniform dose distribution. When
the density of the tumor, p(r), is constant Eq.(31) may also be expressed as a volume average:

1t D(r)dV
D=' (32)

dV
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The simple "two volume case" treated in Eqs.(28) to (30) may serve as a clear illustration as D
in this case is given by:

^ = (m- _
m m

By. comparing this expression with Eq.(30) it is seen that the change in control probability is in
the first approximation proportional to the change in mean dose to the tumor volume. It can thus
be concluded that dose variations in the beam are small (AD< <D or more exactly when
| Aé | = |Ae+ 1 <<e) the best possible correlation between dose delivery and tumor response is
obtained when the mean dose according to Eq.(31) is used. This is particularly important if
different dose distributions are being used for the same patient or group of patients. Owing to the
requirement of small dose variations this conclusion is generally valid for external beam therapy.
In the above two sections it was assumed that the tissue was a tumor of strict "parallel"
organization. However, all equations derived also pertain to normal tissues of essentially parallel
organization as discussed in more detail by Källman et al. (199 la).

2.3 Non uniform dose distributions in general

Under assumption that the mean absorbed dose according to Eq.(31) is used as reference
we will now try to find a more general expression for the control probability. This is possible by
generalizing Eq.(29) in such a way that it holds for arbitrary dose distributions by allowing Am
and the number of mass fractions to decrease and increase, respectively, without bound and taking
the product of all the individual probabilities. After taking the logarithm and conversion of the
sum to an integral the control probability for this general case takes the form:

(34)

If it is assumed that D is on oie linear part of the dose response curve and D(r) does not
deviate much from D Eq.(31) may be used to expand Eq.(34). The integral in Eq.(34) may
thus be approximated by:

7 P(D)D~~^\P(n)Dl '" **" (35)

where the first term inside the square bracket gives no contribution to the integral owing to the
definition of D. The complete Eq.(34) may thus to second order be approximated by:

•y
Where crD is the variance of the dose distribution in the tumor volume as defined by:

————— (37)
dm
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The negative sign of the quadratic term in Eq.(36) shows that all variations in the dose distribution
that introduce deviations from the mean dose level reduce the control probability for a given mean
tumor dose or mean energy imparted. This should be expected as the increased survival in low
dose areas can never be completely compensated by the decreased survival in high dose areas.
By setting Eq.(34) equal to P(Def{) the effective total dose assuming uniform dose delivery can be
calculated and it becomes simply:

(38)
7

2P(D)
OD}
Dl

2

This result again clearly shows that the effective dose is slightly lower than D by an amount
determined by the relative variance of the dose distribution.

The above relations were all derived in terms of the probability of achieving tumor control. If we
instead are interested in the effect on normal tissue injury the result is different particularly with
regard to non uniform dose delivery. This is so since doses above the mean dose increase the
complications more than doses below the mean dose decrease them. Thus, quite generally the
probability for complications in normal tissue increases with increasing fluctuations around the
mean dose level! If the same analysis as above is made for the normal tissues we obtain:

I 1 (39)

Thus the first order effect is similar for normal and malignant tissue and is related to the mean
dose to the tissue in question. However, dose fluctuations in normal and malignant tissue will
increase complications and decrease tumor control, respectively. Thus, in general the probability
to achieve complication free tumor control, P+, will decrease due to both these effects. This is
so since in the first approximation P+ = PB(1 - PI) = PK - P, (cf.- Âgren et al. 1990). As will
be seen from Eq.(47) below, dose fluctuations around the optimal dose distribution have the
unfortunate effect both to decrease tumor control and increase normal tissue complications.

As a final illustration we will now use our tools to answer the classical question: is a narrow over-
or underdosage worse than an extended one assuming that the anomalous mean energy imparted
is the same? According to Eqs.(30) and (33) a narrow hot or cold spot increases or decreases
respectively the tumor control by the same amount independent of the size of the volume at least
in the first approximation. We can easily use Eq.(36) to calculate the difference between the effect
of a hot and cold spot of the same mean energy imparted. If we have both a small hot and a cold
spot of the width AV and the dose increases and decreases respectively by AD the mean dose is
unchanged. However, since the variance is finite Eq.(36) predicts a loss in tumor control since
OD can no longer be disregarded:

oror D D (40

Thus the loss in tumor control is given by:

ttâ ^K'2A p __J___ U \ __^__ __ AY.
V (41)

This equation shows that the cold spot has a worse effect by about this amount even if, in the first
approximation, a hot and a cold spot should compensate each other completely. Furthermore, for
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Fig. 5. The variation ofP+, and P, with the angle of incidence, Q,for a P+ optimized treatment
of the lymph nodes on the neck. Dp is the point dose atp, Df, is the mean value of 9 neighboring
points over an area of 3 x 3 pixels, Dma, „„ and D are the maximum, minimum and the arithmetic
mean value of the dose distribution in the target volume. The strong correlation between P+ and
D is evident!

a given relative change in the mean energy imparted (Ae+/e) the deviations in P+ increase steeply
with decreasing volume of the hot or cotd spot as specified by the relative volume change, A/V/V.
Thus a small cold spot is in the first approximation much more detrimental than an extended cold
volume even if the loss in mean energy imparted is the same.

To illustrate the importance of the various dose distributional parameters the dose at a central point
in the tumor, the arithmetic mean dose, the minimum and maximum dose are shown in Fig. 5 as
a function of the angle of incident beams on a head and neck tumor. It is seen that all dose
concepts varies substantially with the angle of incidence. However, the mean dose always seems
very well correlated to the probability of achieving complication free tumor control (P+). This
figure clearly shows the importance of using the light dosimetric quantities when prescribing the
dose delivery in radiation therapy.

3 THE OPTIMAL DOSE DISTRIBUTION FOR HETEROGENEOUS TUMORS

With homogeneous tumors consisting of autonomous equally sensitive cells, Eq.(8) (or 6)
describes the tumor control when being irradiated by a uniform dose distribution. In the above
analyses Eq.(8) has been generalized to take into account the effects of arbitrary non-uniform dose
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Fig. 6. Illustration of a possible variation of the initial tumor or cell density (n^, the D0 value and
the optimal dose distribution (D) across a simplified tumor model as a function of its radius (r).
The density of surviving tumor cells (nj is very low (not to scale in the figure) but uniform for the
optimal dose distribution.

distributions. The conclusion for homogeneous tumors is that a uniform and precise dose delivery
is absolutely essential to achieve a high tumor control probability. For example, to achieve a
desired tumor control rate within a relative standard deviation of 10 per cent when the dose
response gradient, -y, is 3 or larger, the relative standard deviation in mean dose to the tumor
should be 3.5 per cent or less.

We will now generalize Eq.(8) to take the variation in the density and sensitivity of tumor
cells in the target volume into account, as schematically illustrated in Fig. 6. Assume that the
initial density of tumor cells per unit volume at a point r in the tumor is n^r) and that the spatial
variation of the sensitivity of the cells can be described sufficiently well by the local mean value
ofD0,D0(r). Then the density of surviving clonogenic tumor cells, n(r), when irradiated by a dose
distribution, D(r), becomes simply

(42)

in analogy with Eq.(2). The total number of surviving tumor cells is thus obtained as a volume
integral over n(r) covering the entire target volume Vt:

US- (r)d3/-
(43)

A very general expression for the expected probability to completely eradicate the tumor is
obtained by inserting Eqs.(42) and (43) directly into Eq.(8):

(44)
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We may now ask the question how should D(r) be chosen in order to eradicate the tumor most
effectively. To achieve tumor eradication with a certain probability, Pe, the total number of
surviving cells should be less than W, = -InP«. as given directly by Eq.(8). Thus, the mean density
of surviving cells in the target volume should be less than or equal to:

n =-lnP/Vs e' t (45)

The optimal dose distribution for controlling the local tumor growth, that is for minimizing the
local probability of recurrence of the tumor anywhere inside the tumor volume, would thus be
obtained if n(r) is everywhere set precisely equal to n,. This optimal dose distribution, D(r), is
obtained by equating Eqs.(42) and (45) and solving for D(r):

D(r) = M- =D(r)ln,, (46)

The present optimization criterion of maxizing tumor control and minimizing the highest value of
the local recurrence probability thus results in a very simple and closed analytic expression. The
optimal dose distribution in this meaning is directly proportional to the local D0 value and the
logarithm of the tumor cell density. Naturally, the same net tumor control probability can be
achieved by a uniform dose distribution but the probability for tumor recurrence in the tumor
center will be too high whereas it is unnecessarily low at the periphery of the tumor assuming the
tumor model in Fig. 6 to be applicable. From the weak logarithmic dependence on the tumor cell
density it is also clear that the mean dose is a rather good descriptor for biological effects also in
non uniform tissues or tumors.

It should be pointed out that the presence of normal tissues or even organs at risk in or
near the target volume for simplicity has been disregarded here. Formulated less restricted, it is
assumed that the dose to such tissues can be kept low enough to avoid complications by using the
optimum irradiation technique (cf. Lind 1991). Eq.(46) is thus the optimum dose distribution for
eradication of the tumor with a certain probability, Pe, when normal tissue complications are not
restricting the dose delivery. In the first approximation P(D(r)). the tumor control probability for
a non uniform dose distribution, D(r), which is meant to be as close to D(r) as possible is given
by:

2 ftf
(47)

where the relative variance from the optimal dose distribution is given by:

in-\2 [(D(r)£(r)fdm

D
(48)

and the mean value of the optimal dose distribution, D, is given by

jD(r)dm
(49)

dm
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Fig. 7. Variation of the optimal dose distributions with the fraction of Hypoxie tumor cells. The
well oxygenated tumor cells are of a constant density, whereas the hypoxic cells are conically
distributed with the total cell number always being l(f as in Fig. 4. There is a considerable
increase in dose and change in curve shape at hypoxic cell fractions of the order of 10- and larger
due to the higher radiation resistance of the hypoxic cells. The tumor radius is rr

As should be expected the relative variance around the optimal dose distribution determines
in the first approximation the loss of tumor control relative to its optimal value. When normal
tissues can not be sufficiently protected the patient can no longer be cured without normal tissue
complications.The optimal treatment should then maximize the probability of curing the patient
without causing serious damage to normal tissues, as discussed in great detail elsewhere (Àgren
et al. 1990 and Källman et al. 199la).

The influence of various amounts of hypoxic tumor cells in an otherwise uniform tumor
has been studied as shown in Fig. 7. The hypoxic cells were assumed to be conically distributed
with an average effective oxygen enhancement ratio of 2. It is seen in the figure that when the
hypoxic cell fraction is of the order of 10-' or smaller it has a small effect on the optimal dose
distribution. With increasing hypoxic tumor cell fraction the dose to the tumor increases very
rapidly so at 10-3 hypoxic cells the total dose to the tumor has to be increased by about 50 per
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cent. It is also seen in Fig. 7 that the shape of the optimal dose distribution very rapidly adjusts
to the hypoxic cell fraction. Already at a hypoxic cell fraction of 10-3 the shape of the dose
distribution is dominated by the hypoxic cells. The dashed curve segments in Fig. 7 at low
hypoxic cell fractions illustrate the change in shape of the optimal dose distribution resulting when
the well oxygenated tumor cell fraction is conical instead of uniform. For this case the hypoxic
cells are everywhere a constant fraction of the well oxygenated cells. However, the optimal dose
distribution is practically the same as for a uniform tumor at hypoxic cell fractions of 10-3 and
above where the dashed lines coincide with the solid lines.

A very recent development in the field of radiation therapy planning is an algorithm where
the radiobiological properties of tumors and normal tissues are used to maximize the probability
of achieving complication free tumor control (P+,) by external beam irradiation (Källman et al
1991b). This algorithm opens the possibility to fully take the sensitivity of normal tissues into
account. The interesting property of this algorithm is that it opens the door to truly
radiobiologically optimized dose delivery. This type of algorithm has also the potential to close
the circle of radiotherapy development, because, as gradually better dose response data are
collected from clinical trials, this algorithm in its turn allows a direct application of the new data
to improve future radiation therapy.

We will apply the algorithm on a simple one dimensional but clinical important situation
using either dynamic multileaf collimation or a scanned Gaussian electron beam to generate the
non uniform dose distribution. Dynamic multileaf collimation makes it possible to generate almost
arbitrary lateral dose distributions by moving each leaf pair according to the desired opening or
fluence density over the patient.

In Fig. 8 the target volume and the surrounding normal tissues are shown. The tumor is
assumed to be uniform with a DSO of 45.0 Gy and 7 value of 2.8. The left organ is less sensitive
than the tumor and is radiobiologically characterized by D50 = 49.2 Gy and 7 = 3.0. The organ
at ask on the right side of the tumor is more sensitive than the tumor and characterized by

Relative density of clonogens / %
Hypoxic target compartment

-100

Fig. 8. Schematic illustration of the one-dimensional target volume and the organs at risk. The
tumor is growing partly in the most sensitive organ at risk to the right in the figure.
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Fig. 9. The optimal dose distribution for the tumor in Fig. 8. In a) the resultant dose distribution
Dbm and kernel density fbim are shown for a multileaf collimated beam calculated with biological
optimization. The dashed lines indicate the borders of the tumor. In b) the same distributions Dbe
andfbe are shown for a scanned electron beam.
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Z>so = 39.4 Gy and y = 2.4. The tumor grows in the sensitive organ at risk which still populate
10 per cent of the target volume. This means that increased dose to the target volume not only
increases the benefit but also increases the injury caused by the treatment. This injury may be
interpreted as damage to normal tissue stem cells in front of, inside or beyond the tumor. If there
are no normal tissues present within the tumor, there is no upper limit for the dose locally, and
the dose will increase to a level where the probability of damage to surrounding normal tissues due
to scattered radiation becomes dose limiting.

The target volume in Fig. 8 is treated with two different radiation modalities: 1) an
elementary slit beam from a 10 MeV multileaf collimated photon beam and 2) a scanned 25 MeV
electron beam. For a homogeneous well oxygenated tumor, using biological optimization, the
dynamic multileaf collimation will only give a few per cent higher complication free tumor control
than the scanned electron beam. This is a considerable improvement over an almost 15 per cent
difference with the previously used prescribed dose optimization technique (Källman et al. 1991b).
The new algorithm also allows kernel density outside the target volume. This will help to create
a higher dose in the tumor and balances the increase in tumor control against the probability of
causing injury to surrounding normal tissue. Both in Figs. 9a and b the optimal kernel densities
have small non-zero values at the border to the tumor in the left, less sensitive organ. On the right
side the organ at risk is too sensitive and does not allow local irradiation. An interesting
observation is that the point with maximum amplitude of the kernel density,/, is located on the
tumor side closest to the most sensitive organ. However, at the border of the target volume, the
kernel density is locally zero, and the dose is lower than on the opposite border to the less
sensitive organ. This is the optimal balance between normal tissue reactions and tumor control
when tissue motions are disregarded. At the border to the most sensitive organ at risk, a steeper
dose gradient is achieved in this way, whereas on the opposite side the dose distribution is more
homogeneous. The important clinical problem of organ motion has not been considered in this
calculation.

4. INFLUENCE OF POSITIONAL UNCERTAINTY

The often large uncertainties in beam-patient alignment that exist during radiation therapy
may require that the incident beams be modified to ensure that the desired dose distribution in the
target volume is really obtained in clinical practice. This problem becomes increasingly severe
as the variation of the desired dose distribution in the tumor gets steeper.

The dose fractionation, achieved by splitting a radiation treatment into several dose
fractions, is fundamental to external beam radiation therapy techniques. The classical treatment
schedule is to deliver 2 Gy per day, five times per week, over six weeks to a total number of 30
fractions. The dose fractionation gives the normal tissue a chance to recover from the radiation
damage between irradiations. The problem to be discussed now is that it is very difficult to
reproduce the same mutual position between the beam and the target volume for all 30 dose
fractions. This positional uncertainty stems from two main groups of error sources.

The first group of error sources is due to the varying position and shape of the tumor
volume and surrounding organs in the body in relation to relevant anatomic reference points. The
resultant distribution of clonogenic tumor cells determines the position and shape of the target
volume through factors like: 1) patient orientation, 2) fixation aids, 3) couch rigidity and 4) the
relative motion and contents of the organs influencing the relevant section of the body such as:
breathing, heart beat, bowel gas, bladder and intestine contents etc.

The second group is due to the uncertainty in the location of the anatomical reference
points and the target volume in relation to the therapy beams. This "set up" uncertainty is due to
the finite mechanical precision in the alignment of a number of devices such as: 1) the initial
electron beam from the accelerator, 2) the collimator blocks 3) the light source and mirror used
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Fig. 10. The influence of uncertainty in the alignment of the radiation beams to the tumor can be
taken into account either by an extended set up margin or by an over-compensated beam. From
a radiobiological point of view the latter is advantageous since the dose to surrounding normal
tissues is minimized in this way. The thick solid line gives the highest expectation value for P+.
The oscillatory dotted curve represent the strict mathematical optimum with infinitely many dose

fractions and is obviously not realistic for clinical use as seen from the associated maximum P+
value and its expectation value, (PJ. The thin dashed and solid lines represent intermediate
results qftei 1OO and 22 iterations, respectively and does not quite reach the optimal (PJ.

to simulate the radiation beam, 4) the indication of isocenter e.g. using laser beams and 5) the
gantry and treatment couch, but it is also influenced by the accuracy of respective read-out
devices. In addition to these uncertainties in the set up of the equipment there is the uncertainty
in patient set up. Mainly, the different motions of the patient on the treatment coach will therefore
influence the location of the anatomical reference points relative to the therapy beam. These
motions will also depend on the type of fixation aids that are used etc.

A beam adapted precisely to the size of the tumor volume would give a too low dose to
the periphery of the target volume because of these geometrical uncertainties. To ensure a high
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probability of tumor control and thus a high probability of eradication of all clonogenic tumor cells
either the beam cross section or delivered absorbed dose per fraction has to be increased. This,
however, leads to a higher dose level in the surrounding normal tissues. To keep complications
low one conversely has either to lower the dose level or reduce the field size. The optimal
radiation beam profile thus has to balance these two mutually opposing requirements in order to
maximize the probability, P+, of achieving complication free control of local tumor growth.

To treat such a case strictly by statistical methods is very difficult as the remaining
uncertainty or built in "noise" in a realization of an assumed essentially Gaussian process with as
few fields as 30 will be quite high. The standard deviation of the mean value is for example
ff/^0 or about 0.2a over the steep part of the dose distribution, but it will be about twice this
value outside the penumbra region and on the "shoulders" of the dose distribution. Furthermore,
in a more strict analysis the patient will move slightly from its mean location in every treatment
set-up and there are generally also systematic or a priori uncertainties involved. For simplicity
we therefore treat all uncertainties together by their total approximate standard deviations (BIPM
1980, Brahme 1988). If a very large number of small treatment fractions were used, then the field
displacement distribution would be perfectly Gaussian.

We have therefore tried to maximize the expectation value of the probability to achieve
complication free tumor control in a single treatment and in infinitely many dose fractions. The
results are summarized in Fig. 10. The dotted oscillating curve is the strict mathematical result
trying to optimize the expectation value of P+ for the delivered dose distribution with infinitely
many dose fractions. The result is clearly unsuitable for therapy. However, if we interrupt the
iteration process already after eg. 22 or 100 iterations more suitable results are obtained as seen
by the other two thin lined curves in Fig. 10. The solid curve on the other hand is optimized for
a single treatment and the oscillations are much more limited and realistic. The
undercompensation just inside the field edge is required in order to not unnecessarily overdose the
tumor edges when the high dose peak happens to fall there. In clinical practice it is clear that this
type of optimization is as close to the ideal case as one can come considering that every dose
fraction is important for the treatment outcome!
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THE IMPACT OF QUALITY ASSURANCE ON THE
OPTIMIZATION OF TUMOUR CONTROL PROBABILITY
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Abstract

A quality assurance (QA) programme aims at reducing the various sources of uncertainties that may arise during the
different steps of dose delivery to a target volume with a consequent improvement of the quality of the delivered dose
distribution. Uncertainties in dose delivery can influence both the tumour control probability and normal tissue reactions
to an extent that depends on the shape and, in particular, the steepness of the corresponding dose-response curves and this
is a main theme of this paper.

1. INTRODUCTION

A quality assurance (QA) programme aims at reducing the various sources of uncertainties
that may arise during the different steps of dose delivery to a target volume with a consequent
improvement of the quality of the delivered dose distribution. The sources of error during a
radiotherapy procedure are usually classified either in relation to the step of the radiotherapeutic
procedure during which a particular error arises [1-4] or according to whether they are random (type
A) or systematic (Type B) errors [5,6]. The combined uncertainty resulting from all sources of error
may be expressed in terms of a "relative standard deviation" a which is defined in terms of all
independent errors as:

o2 = Es <r;
2 (1)

where a-, is the standard deviation associated with the ith source. Of all sources of uncertainty, field
placement errors have been chosen, in this presentation, as illustrative examples of the influence of
uncertainties in dose delivery.

Uncertainties in dose delivery can influence both the tumour control probability and normal
tissue reaction to an extent that depends on the shape and, in particular, the steepness of the
corresponding dose-response curves [1,2,6,7] and this is a main theme of this paper.

2. THE TUMOMOR CONTROL PROBABILITY (TCP):
THE STEEPNESS OF THE DOSE-RESPONSE CURVE

As a first approximation, the following assumptions are adopted as regards the TCP while the
influence of deviations from some of such assumptions is discussed later:

(a) Tumour control is principally dependent on the reproductive cell death of tumour clonogenic
cells.

(b) The TCP depends on the probability of eradicating all tumour clonogens.
(c) An exactly measured dose is delivered with a homogeneous dose distribution.
(d) The radiosensitivity of all tumour clonogens is homogeneous.

Such assumptions allow expressing the tumour control probability in terms of the parameters of the
dose-survival curve of tumour clonogens [7,8]. The surviving fraction after 2 Gy is a useful
parameter of such a curve since it proved to be a good discriminant between radiosensitive and
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radioresistant human tumours [9] and since 2 Gy is also the most commonly adopted fraction size in
multifraction radiotherapy. If s is the surviving fraction after 2 Gy after correcting for proliferation
occurring during the interfraction intervals of a multifraction irradiation, then after n such doses the
surviving fraction will be s". For a tumour having N0 clonogens prior to treatment, the number N
of surviving clonogens after n fractions 2 Gy each is given as:

N=No.sn (2)

According to the Poisson statistics the TCP corresponds to the probability that a tumour has no
surviving clonogens and is given as:

TCP = e- N = exp (-N0. sn) (3)

According to the last equation, the number of surviving clonogens per tumour has to be reduced to
very low levels before any significant TCP is observed. For TCP varying from 10 to 90%, N varies
between 2.3 and 0.1 clonogens per tumour. Even for a TCP value as low as 1%, N has to be 4.6
only. It is worth noting that, for each TCP level, there is a unique average number of surviving
clonogen per tumour irrespective of the radiation schedule used. According to the last equation three
factors determine the TCP:

(a) The pre-irradiation number of clonogens i.e. tumour volume.
(b) The parameter s which is dependent on the intrinsic radiosensitivity and proliferation.
(c) The total radiation dose.

Fig. 1 gives two TCP curves as predicted by the Poisson model for two tumours having either
108 or 109 clonogens. The presence of a threshold dose reflects the need to reduce the survival to
very low levels before any tumour control can be achieved. The threshold is followed by a sigmoidal
curve which is somewhat asymmetric, rising sharply at the lower end but more gradually at higher
doses. The intermediate segment of the curve lying between 20 and 70% TCP is the steepest part
of and is approximately linear. The "inflection point" represents the point at which the steepness is
maximal and, according to the Poisson statistics, corresponds to a TCP of 37% (1/e).

0.
Ü

DOSE
Fig. 1. Two idealized dose-TCP curves for two tumours having different initial tumour cell numbers
assuming precise dose delivery and biological homogeneity. The steepness parameter gamma is larger
for the bigger tumour (modified from Brahme f2J).
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Fig. 2. The derivation of the normalized dose garadient gamma from the TCPcurve.

The steepness of the dose-TCP curve can be expressed in terms of a number of parameters,
but in the present discussion, the "normalized dose gradient" [2,7] is adopted. It gives an index of
the magnitude of increase in the TCP per relative increase in dose. An increase in dose from D to
D+dD represents a relative dose increase of dD/D. If the corresponding increase in TCP is dP, then
the normalized dose gradient, gamma, is given as

•y = AP/relative increase in dose = AP/(AD/D) = D.(AP/AD) (4)

In simple terms, gamma represents the per cent increase in TCP per 1% increase in dose (Fig. 2).
The value of gamma varies according to the location on the TCP-dose curve. It is practically constant
between TCP of 20 and 70% and reaches a maximum value at the inflection point (at TCP= 37%)
At very low or very high TCP gamma decreases rapidly and loses much of its significance. As seen
in Fig. 1, the steepness of the TCP-dose curve increases with the tumour volume (number of
clonogens).

Theoretical prediction of the normalized response gradient assuming a homogeneous tumour
cell population and an exact dose delivery was compared with the steepness of actual dose-response
curves of human tumours [2,7]. A few studies showed a reasonable agreement and this was par-
ticularly seen in small tumours and may be related to the relative uniformity of such tumours as well
as to the availability of precise and reproducible radiotherapy techniques. Most other studies,
however, demonstrated two types of discrepancy with the theoretical predictions based on the Poisson
concept [1,2,7]:

(a) The observed steepness of the dose-TCP curve is much lower than theoretically expected.
The median value of the gamma-parameter for a variety of human tumours is 3 with 50% of
the values less than 2 and 90% less than 5 [2,7]. Fig.3 gives the example of the control of
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pelvic nodal métastases from carcinoma of the cervix uteri where a gamma value of 3.3 is
noted [10]. Fig.4 shows an example of a less steep curve represented by the control of
carcinoma of the larynx with a gamma value of 2.04 [11].

(b) The gamma-value tends to decrease rather than to increase with tumour volume.

These discrepancies may be explained on the basis of:

(a) Uncertainties as regards the physical dose delivery so that different parts of the target volume
would receive different doses.

(b) Biological heterogeneities both within the same tumour and between different tumours.

Both factors influence the TCP in a similar fashion and tend to be more pronounced in large tumours.
This, together with the tendency to reduce the delivered dose in case of large rumours in order to
minimize normal tissue injury, may account for the relatively low cure rate of large tumours.

The present discussion is restricted to the influence of physical dose delivery on the TCP and
normal tissue injury; this being the factor that can be controlled by a QA programme. Biological
heterogeneities have a similar effect [12] but this is not considered in the present discussion.

3. INFLUENCE OF UNCERTAINTIES IN PHYSICAL DOSE DELIVERY ON THE TCP

The combined uncertainties of physical dose delivery result in a heterogeneous dose
distribution. In case that dose variations are relatively limited, the dose distribution is best described
in terms of the mean absorbed dose D in the target volume and its standard deviation crD which gives
a measure of dose variations around the mean; a large aD indicates a high degree of dose
heterogeneity and a small OD indicates more uniformity. The influence of uncertainties in dose
delivery on the TCP can be summarized as follows:

(1) All heterogeneities in dose distribution that cause deviations from the mean dose reduce the
TCP. The degree of reduction in TCP depends on aD and the steepness of the TCP as
indicated by the parameter gamma. Thus, if the tumour control probability corresponding
to the mean dose D is P(D) and if D(r) is the absorbed dose at position r within the tumour
volume, then the tumour control probability P(D(r)) at position r can be approximately related
to that of the mean dose according to the relationship [2,7]:

[P(D (r)] = P (D) - ———— (cjD/D)2 (5)

2P(D)

The negative sign in the equation indicates that any absorbed dose heterogeneity that
introduces deviations from the mean absorbed dose reduces tumour control. Furthermore
Eq.(4) explicitly expresses that the degree of reduction in.the TCP increases with the
square of the steepness parameter (gamma)2 and with the degree of heterogeneity as
indicated by the variance (crD)2.

(2) It also follows that relatively narrow variations of the dose distribution around the mean
absorbed dose are not expected to reduce the tumour control rate seriously as long as the
mean dose is used for dose prescription. If, for example, aD does not exceed 2% of the
mean dose, the reduction in TCP would be about 1 % only. However, the magnitude of
reduction in the TCP increases steeply when the uncertainties in the absorbed dose
delivery result in a standard deviation greater than 4% since, in Eq.(4), o appears in
quadrature with a negative sign [7]. In the presence of a high level of uncertainty, however,
it is advisable to use the minimum dose; this being the practice in interstitial therapy
where the dose is prescribed in terms of the dose at the margins of the target volume.
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Fig. 5. The discrepancy between the idealized TCP-curve (TKol) and the clinically observed curve
(Tclin). In the intermediate steep zone the loss ofCP is greater for higher than for lower doses (After
Brahme [7]).

(3) Dosimetric uncertainties tend to reduce the steepness of the TCP curve to an extent that
depends on the standard deviation in the mean absorbed dose. A high response gradient can
be, then, taken to indicate a relatively small aD and the observed response curve would
approach the idealized curve of a uniform dose distribution.

(4) Fig. 5 illustrates the discrepancy between the idealized TCP curve assuming uniformity of the
dose distribution and the actual clinically observed curve when the influence of dosimeteric
errors is taken into account [1,2,7]. An increased TCP is noted in the lower dose region but
this is relatively much smaller than the reduced TCP at higher doses. The maximum
sensitivity to error is noted in the intermediate nearly linear part of the curve. The loss of
TCP in this intermediate segment is greater at higher doses corresponding to high tumour
control probabilities. This is a serious result of dosimetric inaccuracy, since it reduces the
chances of cure of, otherwise, highly radiocurable tumours.

4. ACCURACY REQUIREMENTS IN CLINICAL RADIOTHERAPY

Accuracy requirements in clinical radiotherapy are generally set as a compromise between the
maximum precision level that can be technically achieved and an optimum clinical outcome.

When stating a given accuracy level in absorbed dose delivery, it is more meaningful to define
the "confidence interval" it represents. This can be conveniently expressed in terms of the standard
deviation of the overall uncertainty in dose delivery [6,13,14]. We may take the ±5% accuracy level
in dose delivery recommended in the ICRU Report 24 [15] as an illustrative example. For a standard
radiotherapy schedule of 60 Gy this accuracy level amounts to ±3 Gy. The recommendation becomes
more meaningful if we chose the confidence interval corresponding to this level of accuracy. If we
consider this level as one standard deviation it follows that, (for a normal distribution of errors), 68%
of the treated patients would receive a dose ranging between 57 and 63 Gy, (for a normal distribution,
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l a corresponds to a confidence interval of about 68%). This level of accuracy would be considered
as insufficient by most radiotherapists. We may then consider the ±5% level as 2 a. In this case
95.6% of patients would receive a dose ranging between 57 and 63 Gy. This level of accuracy might
be too high to achieve in many clinical situations. It might be more realistic to consider this ±5%
level as 1.5 a [13] and thus representing the 85% confidence interval i.e. only 15% of patients would
receive a dose less than 57 Gy or greater than 63 Gy. The ICRU recommendation may be then inter-
preted to mean that the standard deviation resulting from all sources of uncertainties in dose delivery
should not exceed 3.5% (5% - 1.5).

In actual practice, the level of accuracy required depends on the magnitude of differences in
dose delivery that can result in a clinically demonstrable change in the tumour control probability or
normal tissue reactions. This obviously depends on the steepness of the dose-response curve which
can be given in terms of the normalized response gradient. For a large variety of human tumours,
the median value of the parameter gamma is about 3.0 [2,7]. This means that a dose reduction of
10% along the intermediate steep portion of the TCP curve would reduce the tumour control
probability by 30%. This, again, emphasizes the need for a high accuracy in dose delivery. The
uncertainties in the mean absorbed dose delivery would also introduce uncertainties as regards the
TCP. It has been recommended that the induced uncertainties should be associated with a standard
deviation in tumour control not exceeding 10% and that the reduction in TCP due to dosimetric errors
should be less than 5% [2,7]. This requires that dosimetric precision should ensure a standard
deviation in the mean dose not exceeding 5% for gamma-values less than 3. In case that gamma is
greater than 3, the precision should be increased so that the standard deviation in the mean dose is
reduced to 3%. These estimates of the standard deviations are close to that required by the ±5%
dose accuracy recommended by the ICRU when set at 1.5 a level.

5. FIELD PLACEMENT ERRORS: CLINICAL STUDIES AND CONTROL

Field placement errors are common sources of uncertainty in dose delivery that mostly arise
during treatment planning and the daily execution of treatment. They can be divided into four
categories [16]:

(a) Field misalignment or mal-position resulting from vertical or lateral displacement is the most
common category and accounts for more than 75% of all displacement errors [16]. It arises
most frequently in prostate, oropharynx and lung.

(b) Field malrotation with or without miscentring is the next common (about 15%) anomaly and
occurs most often in the pelvis.

(c) Patient malposition, movement, breathing and other organ motions during patient set-up.

(d) Malposition of beam shaping blocks.

Clinical studies [4,16,17,18] dealing with the appraisal of these sources of error involved the
application of four main procedures:

(a) A comparison between simulator films obtained during treatment planning and portal films
taken during a radiation treatment.

(b) A comparison between portal films obtained during different treatment days would disclose
treatment-to-treatment variations.

(c) Implantation of metallic clips around abdominal or thoracic tumours or the remaining part of
the tumour bed after surgical resection would enable visualization of organ and breathing
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Fig. 6. The geometric edge of a posterior oblique field meant to avoid the spinal cord with a zone of
uncertainty due to either patient movement or displacement of the aperture position. Points inside
the zone are always within the field while points outside are always outside the field. Points within
the crosshatched zone may or may not be within the field. The width of this zone represents the
confidence interval and is usually taken as 2 standard deviations. This means that there is
approximately 95% probability that the correct edge of the field lies within this zone (After Goitein
[14]).

motions in addition to patient movements during routine simulation over a time comparable
to that of an actual treatment session [4]. The use of contrast media in a hollow viscus can
serve a similar purpose.

(d) CT-based treatment planning is now increasingly used. Motion of organs within the target
volume can be visualized in CT-scans. This is particularly useful in studying the influence
of the degree of filling of hollow viscera (e.g. the rectum or urinary bladder) on the
movement of a neighboring target organ (e.g. the prostate) [18].

Uncertainties due to field placement errors may be assumed to arise at random and a set of
measurements of a given error may have, therefore, a normal frequency (Gaussian) distribution. In
Fig.6 the crosshatched zone represents the uncertainty in the geometric edge of a posterior oblique
field due to patient movement or to aperture displacement. The width of this zone defines the
confidence interval i.e. the probability that the zone contains the correct nominal edge of the field.
If, for example, the width of this zone is taken to represent 2a, then in a given number of set-ups,
there would be an approximately 95% probability that the intended nominal edge lies within this zone.
But this probability is reduced to 68% if the width is taken as 1 a only. In a set of measurements of
the discrepancy between the nominal and actual field edge, it might be also useful to specify the
"worst case discrepancy" which represents the maximum observed error which can well be a clinically
relevant parameter [17].

Uncertainties in field placement introduces uncertainties in the absorbed dose and this effect
is most remarkable in regions where there is a relatively high dose gradient. The uncertainty (Une)
in the absorbed dose corresponding to a field placement error with a standard deviation a mm is given
as [4]:

Unc= dose gradient (cGy/mm) x 2o (mm) (6)
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Table I
Influence of patient immobilisation on the frequency of field placement er-
rors in head and neck cancer (Marks et al., 1976 [20] )

Immobolisation

Used
Not used

Field placement errors
no errors errors

378 patients(99%) 4 patients (1%)
144 patients(84%) 28 patients (16%)

P=0.01

The impact of this dosimetric uncertainty on the tumour control probability depends on the steepness
of the TCP-curve as discussed below.

A number of devices is available for the control of field placement errors:

(a) Computerized systems of verification and recording of treatment parameters do not allow
switching the beam on unless these parameters agree with those prescribed. However, patient
position on the treatment table and the actual dose delivered are not verified [19].

(b) The use of immobilisation devices can lead to a remarkable reduction in placement errors as
illustrated in Table I for head and neck cancer [20]. The use of such devices is becoming
mandatory in most tumour sites.

(c) Repeated film portals during the course of therapy (e.g. once every week) is another effective
means of reducing placement errors. A reduction in error rates from 36 to 15% could be
achieved with more frequent verification films in case of Hodgkin's disease [21]. The
localization errors for head and neck cancer amounted to 16% when verification films were
taken weekly in immobilized patients, but this could be reduced to 1 % by taking daily films
[20]. A lot of attention is now focused on improving the quality of portal films [22].
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6. INFLUENCE OF SOME COMMON TYPES OF DOSE NON-UNIFORMITY ON THE TCP:
THEORETICAL PREDICTIONS

Four common examples of dose non-uniformity will be discussed as regards their
unfavourable influence on the TCP: beam misalignment which is a common field placement error as
discussed above and the three other examples are related to the therapy machine (Fig. 7):

(a) Beam misalignment is the. most common form of field placement errors and results from
displacement of the field relative to the target volume. Consequently, a part of the tumour
would lie in the penumbra.

(b) Beam asymmetry results when the centre of the beam misses the centre of the collimator
resulting in a gradual dose variation across the beam.

(c) Beam underflattening results in dose reduction towards the edges of the beam.

(d) Beam overflattening results in an increase in dose towards the edges of the field.

Beam misalignment is the most serious of the four types of dose non-uniformity [1,2,7]. As
indicated in Table II, the degree of reduction in the TCP depends on the steepness parameter gamma.
For gamma=3, a lateral displacement of 3 mm results in 3.3% reduction in the TCP and this in-
creases to 18% with a 5 mm displacement. However, if gamma=5, the reduction in TCP increases
to 12% for a 3 mm and to 50% for a 5 mm displacement. It may be advisable to increase the safety
margin around the tumour volume when a displacement error is likely to arise e.g. with the use of
wedge filters in the treatment of tumours of a limited size.

Beam asymmetry and suboptimum beam flattening have relatively less serious consequences
on the TCP compared with misalignment as can be seen in Table III. If we set the maximum allowed
reduction in the TCP at 5%, we can derive the maximum permissible reduction in the absorbed dose
relative to the mean dose (dD/D) from Table III. In case of asymmetry, for example, dD/D should
not exceed 12% in case of gamma=3 and 7% for gamma=5. Similarly, (dD/D) should be less than
10% for gamma=3 and less than 6% for gamma=5 in case of an underflattened beam. In case of
overflattening, however, the central low dose area is not as deep as the periphery of an underflattened
beam and this tends to reduce the magnitude of reduction in TCP. Similarly, as indicated in Table
II, lateral field displacement should not exceed 3 mm for gamma=3 and 2 mm for gamma=5 in
order to keep the reduction in TCP below 5%.

Table II
Decrease in tumour control probability due to misalignment i.e. shift of
the radiation field in a lateral direction (Modified from Brahme [7] ).

Reduction in Tumour Control Probability
(per cent)

Shift dx mm gamma=3 gamma=5 gamma=7

1
2
3
4
5
6

0.2
1.0
3.3
8.5

18.4
33.1

0.4
2.8

12.0 .
34.0
49.5

0.7
6.8

32.9
50.0

—
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Table III
Influence of some types of beam nonuniformity on thr tumour control prob-
ability (Modified from Brahme [7]).

Asymmetry*

d/D --dPCW

gamma=3

2
4
6
8

10
12

0.1
0.5
1.1
2.0
3.3
5.0

0
1
3
6

11

=5 =7

.3 0.7

.4 2.8

.3 7.3

.4 16

.9

Underflattening*

d/D
Of*D

1.5
3.0
4.5
6.0
7.5
9.0

-dP(Sfc)

Overf 1 att enlng *

d/D -dP(%)

gamma=3 =5

0.1
0.4
1.0
1.9
3.1
4.7

0.3
1.3
3.1
6.1

11.1

=7

0.6 0
2.7 1
6.9 2

15.7 3
3
4

gamme=3 =5

.8

.5

.3

.0

.8

.5

0.1
0.4
0.8
1.5
2.3
3.2

0.3
1.0
2.3
3.9
6.0
8.4

=7

0.5
2.0
4.3
7.4

11.3

dD/D= per cent deviation from mean dose in the tumour volume
-dP = per cent loss in tumour control probability
*See Figure 6

7. INFLUENCE OF FIELD PLACEMENT ERRORS ON THE TUMOUR CONTROL
PROBABILITY: SELECTED CLINICAL STUDIES

The following clinical studies are illustrative examples where the influence of field placement
errors on the TCP could be clearly demonstrated:

(a) The quality of field placement proved to be one of the significant and independent prognostic
factors that determine the outcome of treatment of Hodgkin's disease [23]. The use of
elaborate customized field shaping blocks necessitates special care in order to reduce field
placement errors. Most errors arise in relation to the mediastinal and axillary margins in a
mantle-field [23]. Table IV illustrates an increased risk of infield and marginal recurrence
associated with an inadequate margin in patients treated with radiotherapy alone [23]. It is
also evident that the addition of chemotherapy to radiotherapy tended to mask the
unfavourable influence of placement errors. The added chemotherapy-induced tumour cell
kill may well compensate for the radiation dose reduction at the inadequately covered margins.

(b) The influence of the radiation technique on the probability of regional control of supraglottic
carcinoma is illustrated in Table V [241. The use of immobilization devices resulted in a
significant improvement in the regional control of both the NO and Nl categories. Although
there was a tendency to use larger fields in Nl than in NO tumours, yet the favourable
influence of immobilization was still valid even after adjusting for this factor. In another
study [22] dealing with upper airway carcinoma, a 75% recurrence rate was noted in the
group of patients in whom 30% or more of the portal films had a blocking error compared
with 17% when no such errors were seen.

(c) The influence of radiotherapy technique on the treatment outcome was evaluated in both
unresectable non-oat [25] and oat cell [26] carcinoma of the lung. In both studies the quality
of radiotherapy technique proved to be a strong significant prognostic factor. Table VI
illustrates the favourable influence of the absence of major violations on both the median
survival time and the relapse rate in patients with oat cell carcinoma who entered a complete
remission.
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Table IV
Influence of field placement (as judged by adequacy of portal films) on the
infield and marginal recurrence rate in patients with Hodgkin's Disease
(Adapted from Kinzie et al., 1983 [23].

Recurrence

Margin Yes No Total

(A) PATIENTS TREATED WITH RADIOTHERAPY ALONE
Adequate 7(7%) 91(93%) 98
Inadequate 19(33% 38(67%) 57

Total 26 129 155
P= 0.001

(B) PATIENTS TSEATED WITH A COMBINATION OF RADIOTHERAPY AND CHEMOTHERAPY
Adequate 2(12%) 15(88%) 17
Inadequate 2(22%) 7(78%) 9

Total 4 22 26
P= not significant

TABLE V
Influence of patient immobilisation on the regional control after
radiotherapy of supraglottic carcinoma (Harwood et al., 1983 [24] )

No N+ Hean Field Size
% Regional Control % Regional Control cm2

Free set-up 75 (97 patients) 20 (32 patients) 53
Immoobilization 95 (175 patients) 59 (103 patients) 65

The control rate is significantly higher in the immobilised patients in
both the nodes negative (P=0.001) and nodes positive (P=0.0005) patients
after adjusting for field size.
Table VI
Influence of radiation quality on the median survival and relapse at the
primary site in oat cell carcinoma of the lung (White et al , 1982 [26])

Median Survival1 Relapse after CR2
Week %

No or minor violations 59-62 34
Major Violations 35-42 69

1 P=0.02
2 P=0.042
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8. STEEPNESS OF THE DOSE-RESPONSE CURVE FOR NORMAL TISSUE REACTIONS

The merit of a radiotherapy plan depends not only on the TCP it may achieve but also on the
risk of normal tissue damage. The influence of uncertainties in dose delivery on the risk of normal
tissue complications depends on the steepness of the dose-response curve. A number of clinical
observations suggests that a difference of 5-10% in the absorbed dose can lead to an observable
increase in radiation-induced morbidity [3,6,27,28].

The shape of the dose-response curve of normal tissue damage is similar to that of tumour
control with a threshold dose followed by a sigmoidal curve. The steepness of the curve can be given
in terms of a number of parameters depending on the mathematical model adopted. The normalized
dose response gradient may be used assuming a Poisson shape for the dose-response curve. The
steepness of the dose-response curve tended to be relatively large in a number of normal tissue
reactions. A value of 3.8 was reported, for example, for early and late skin reactions [29], a gradient
of 5.0 for radiation pneumonitis [30] and a mean value of 5.7 for the incidence of brachial neuralgia
after postoperative irradiation of breast cancer [31,32]. It has been recently suggested that the
dose-response curve is steeper for late than for early reactions [33]. As in the case of tumour control,
the unfavourable influence of dosimetric errors on normal tissue damage increases with the steepness
of the response curve.

The normalized dose response gradient might not be the most appropriate parameter for
normal tissue reactions since, as stated earlier, it mainly pertains to the intermediate steep part of the
curve spanning the 20-70% response levels. Such high complication levels are not usually reached
in clinical practice. Other models might be more relevant to the lower incidence level usually seen
as will be given in a separate presentation. The ultimate goal is to be able, for a given dose
distribution, to calculate the complication-free tumour control probability.

9. SUMMARY

(1) Assuming a precise dose delivery to a biologically homogeneous tumour cells, the tumour
control probability (TCP) can be expressed in terms of a radiosensitivity parameter using
Poisson statistics.

(2) A typical TCP curve is sigmoidal with a threshold. Its steepness can be given as the
normalized dose response gradient (gamma) defined as the per cent increase in TCP per 1 %
increase in dose. The curve has a maximum steepness in the 20-70% TCP region. The
idealized curve is much steeper than most clinically observed curves whose gamma has a
median value of 3.0. This is attributed to both uncertainties in dose delivery and biological
heterogeneities.

(3) Dosimetric uncertainties can result from random or systematic errors arising during the
various steps of the radiotherapy procedure. The combined uncertainty can be expressed as
a relative standard deviation defined as the square root of the sum in quadrature of all
components. This results in a reduction in the TCP and flattening of the control curve to an
extent that depends on the relative standard deviation. In case of narrow dose variations the
reduction in the TCP is not serious provided that the mean dose is used for dose prescription.
In case of wider variations it is preferable to use the minimum dose.

(4) The level of accuracy required in radiotherapy depends on the steepness of the TCP curve.
The accuracy requirements are set such that the standard deviation in TCP does not exceed
10% and the reduction in the control rate is less than 5%. If gamma <3, the standard devia-
tion in dose distribution should not exceed 5% but this has to be reduced to 3% if gamma
exceeds 3.
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(5) Field placement errors can introduce uncertainties in dose delivery that depend on the
standard deviation of the error and is most pronounced in regions with a steep dose gradient.
This was shown to reduce the control probabilities of a number of tumours. Their
unfavourable influence can be controlled by the use of patient immobilization devices, more
frequent portal films and computerized verification and recording systems. Beam
misalignment is one of the most serious field placement errors particularly in case of a steep
TCP curve.

(6) The influence of uncertainties in dose delivery on normal tissue reactions depends on the
steepness of the dose-response curve. An error in the absorbed dose of 5-10% may lead to
observable increases in tissue reactions. Late tissue reactions are thought to have more steep
dose-response curves and are, therefore, more sensitive to dosimetric errors.
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BACKGROUND CONSIDERATIONS FOR THE ICRU-REPORT GROUP
ON DOSE SPECIFICATIONS

T. LANDBERG
Department of Oncology,
University of Lund,
Lund, Sweden

In 1978, the International Commission on Radiation Units and Measurements (ICRU) issued
Report No. 29, "Dose Specification for Reporting External Beam Therapy with Photons and
Electrons". It is now over a decade since report Nr. 29 was published, and different aspects of its
readability and applicability have emerged. Furthermore, the expanding use of computers in
radiotherapy have partly changed the picture, even though it is realized that basic recommendations
will have to be applicable to all different levels of dose computation ambitions. Therefore, it was felt
appropriate to up-date the recommendations given in 1978. The revised version is now 0993) in print.
In the lecture, the ICRU-draft report was described.
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COMMENTS ON ICRU 29 AND ICRU 38

H. RAHIM, F. SEDLMAYER, M. KRANZINGER
Institut fur Radiotherapie und Radio-Onkologie,
Landeskrankenanstalten Salzburg,
Salzburg, Austria

Abstract

The ICRU Report No. 29 (1978, updated 1991) is an effort to standardize dose specifications in external beam therapy.
The recommendations primarily refer to point doses. During an ICR satellite meeting in Lyon (1989) it became obvious
that ICRU 29 is applied by approximately half of all institutes. Alternatively, the concept of target volume doses is in wide
use. We have analyzed our treatment plans for external beam therapy of the breast, pelvis and brain in order to quantify
the difference between the two methods. There is no simple correlation between ICRU 29 specifications and the target
volume dose concept. Dependent on treatment technique and extent of the target volume, deviations between 1 and 15%
are observed, which complicates dose comparisons for clinical purposes and scientific evaluations. An aim of the ICRU
Report No. 38 is the definition of reference points for organs at risk in brachytherapy. For bladder dose estimations in
gynecological brachytherapy, the use of a bladder balloon is recommended to define a dose reference point. In 103
gynecological patients treated with the Fletcher system, the topography of the base of the bladder was examined by
ultrasound with the applicator inserted. The maximum bladder dose was calculated according to the sonographic findings
and compared with the dose at the ICRU reference point. Large topographic discrepancies between the base of the bladder
and the position of the bladder balloon are possible. The resulting dose deviations do not follow a definable distribution.

1. INTRODUCTION

If the dose within a target volume is uniformly distributed, the dose specification would not
be a problem. Dose is referring to a point; looking at a volume, dose is an unequal quantity. Since
a radiotherapist treats volumes and not points, a precise dose prescription is a dilemma.

The ICRU Report No. 29 is an effort to standardize dose specifications for reporting external
beam therapy [1]. Dependent on treatment technique and beam quality, a point which is believed to
be clinically and dosimetrically representative is defined within the target volume. The dose in this
point is proposed to be reported as the "target absorbed dose". In practice, these recommendations
are not generally accepted. During an ICR satellite meeting in Lyon in 1989, it became obvious that
ICRU 29 is applied only by half of the interviewed departments [2]. Alternatively, the concept of
"target volume doses" is in wide use. In this method, the prescribed and reported dose refers to the
minimum target absorbed dose. The first isodose encompassing a target volume is taken as the
reference dose; usually, a dose homogeneity of at least 85% between the maximum and the minimum
target absorbed dose is demanded.

A review of papers published in the Internationaljournal of Radiotherapy Oncology Biology
Physics and Radiotherapy and Oncology in the years 1985 and 1986 revealed that in less than
one-third of the clinical articles sufficient information on dose prescription could be found [3].
Uncritical adoption of published schema without such basic information involves the risk of serious
under- or overdosage. But even when the kind of dose prescription is mentioned, translation errors
are possible if the reader is used to other prescription conventions.

In order to quantify the possible differences between the ICRU 29 specifications and the target
volume dose concept, we have analyzed 260 of our treatment plans for external beam therapy of the
breast, pelvis and brain.
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1.1. Methods

Radiotherapy of the breast was performed by two tangential equally weighted open and
wedged fields. The average field size was 17 x 7,5 cm. To flatten the chest wall, the patients were
placed on positioning wedges with adjustable angles. Beam quality was Co-60 at a SSD of 80 cm.
Corrections for lung tissue have been calculated.

For external pelvic irradiation of gynecological patients, we used an isocentric box technique
with an average field size of 16 x 15 cm for the ap/pa portals and 10 x 15 cm for the lateral beams.
The patients were treated in supine position. The beam qualities were either Co-60 at a SAD of 80
cm or 25 MV photons with a SAD of 100 cm. Tissue heterogeneity corrections were not performed.

In the radiotherapy of the brain, two different techniques were used: either two isocentric
open and wedged fields with beam entry angles between 40 and 100 or three isocentric open and
wedged fields mostly at entry angles of 0°, 90° and 180°. The average field size was 9 x 7,5 cm.
The patients were placed in supine or lateral position. Beam quality was Co-60 at a SAD of 80 cm
or 6 MV photons at 100 cm. Corrections for bony structures were considered.

For all analyzed patients, dose was calculated according to the ICRU 29 specifications at the
intersection of the central axes of the beams or - in case of opposing beams in breast irradiation - on
the central axis midway the beam entrances. The dose according to the target volume dose concept
was considered to be the value of the first isodose encompassing the target volume. The deviation
between the absolute values of the two dose specification methods has been calculated in percentage:

TirtCÉ* T^rtc^xxuotjcRu xxi/ovtarget volume

___________ x 100

volume

1.2. Results

The results of our analysis are illustrated in Fig. 1. The treatment plans of the breast showed
a range of dose deviations of 1 to 10%. For the pelvis treated with Co-60, the possible deviations
were of the order of 1 to 9%, with 25 MV photons 7 to 10%, respectively. In brain treatment plans
the dose deviations varied between 1 and 15% regardless if two- or three-field techniques were used.

For all investigated beam arrangements, there is no correlation between the two dose
specification methods.

1.3. Discussion

Up to now, comparing reported doses remains an ambiguous and controversial item. The
definition of representative points in dependency of a radiation technique as proposed by the ICRU
Report No. 29 certainly improved dose communication. But reporting a point dose is not enough.
From the radiobiological point of view, it was generally assumed that the minimum target volume
dose relates to local tumor control, whereas the maximum dose limits normal tissue tolerance [3].
A dose specification disregarding the report of minimum and maximum absorbed doses in - or outside
the target volume is therefore of limited value. Recently, more emphasis is put on the calculation of
the mean target volume dose, which seems to have a better correlation with tumor and normal tissue
response. More detailed investigations and clinical experience will show the importance of these
parameters.
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Furthermore, we are increasingly interested in complex radiation therapy techniques (such as
conformai therapy), which demand the development of sophisticated dose-volume conceptions. Dose
comparisons will become even more difficult and more dangerous, since advanced techniques will
enable us to give higher doses. Our investigation showed the impossibility of drawing reliable
conclusions from point doses to corresponding target volume doses.
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Fig. 1. Dose deviations in external beam therapy between ICRU 29 specifications and target volume
dosages.
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2. COMMENTS ON ICRU 38

2.1. Introduction

An aim of the ICRU Report No. 38 is the definition of reference points for organs at risk in
brachytherapy [4]. The probability of normal tissue injury strongly relates to the applied maximum
dose, therefore, a reported point dose in a radiosensitive organ has to have a simple and reliable
correlation to the true maximum dose in this organ.

For bladder dose estimations in gynecological brachytherapy, ICRU 38 recommends the use
of an urinary catheter balloon to define the bladder reference point. In order to study the relevance
of this point, we have additionally determined maximal bladder doses at the base of the bladder by
ultrasound. In 103 patients with carcinoma of the cervix or endometrium treated with Fletcher
applicators, we compared our findings with the corresponding doses proposed by ICRU 38.

2.2. Methods

The intrauterine insertion was performed under ultrasound control, the length of the tandem
also was determined sonographically. After the application, images in transversal and sagittal planes
were taken. The minimal distance between the tandem and the base of the bladder was considered
to be crucial for the estimation of the maximal bladder dose. The reported dose value was read from
the corresponding isodose plan.

In vitro measurements have shown that the ultrasound reflections derive from the upper
surface of the tandem's metal. In a region of high dose inhomogeneity and steep dose decrease this
knowledge was essential for the correct interpretation of the actual distances.

The ICRU reference dose was determined by using the urinary catheter balloon according to the
ICRU guidelines. Again, the reported dose value was read from the calculated dose distribution.

A=Dus"D|CR"*100[%]
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Fig. 2. Deviations of bladder dose between ICRU 38 and sonographic measurements.
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2.3. Results

In 60 or our 103 investigated insertions we observed dose deviations of more than 40 % (up
to 170 %) compared with the ICRU bladder reference point (Fig. 2). The noted deviations did not
follow a definable distribution. Therefore, a systematic correction of the ICRU reference dose is not
possible.

2.4. Discussion

The use of a standardized urinary catheter balloon may be an easy procedure to define a point
inside the bladder on the radiographs. Our investigations have shown the possibility of large and
unpredictable topographic discrepancies between the ICRU reference point and the base of the
bladder, where maximum doses actually are delivered.

For reliable correlations between acute as well as late complications and the maximal bladder
dose an individual dose determination is mandatory.
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AN INVENTORY OF DOSE SPECIFICATION IN THE NORDIC CENTRES
AND A SUGGESTION FOR A STANDARDIZED PROCEDURE

P. AALTONEN
Finnish Centre for Radiation and Nuclear Safety,
Helsinki, Finland

Abstract

In radiation therapy, quite strict requirements on the accuracy of the absorbed dose to the target volume are necessary.
According to the recommendations of the ICRU (International Commission on Radiation Units and Measurements) the
uncertainty (one standard deviation) of the dose delivered to the target volume should be less than 5% and, according to
recent publications, preferably as low as 3% for steep dose response relations, in order to maintain high standard of
radiation therapy. In the Nordic countries most of the radiation therapy centres are well equipped. The performance
characteristics of the treatment units and the absorbed dose delivered to a reference point in a phantom are regularly
checked, the dosimetry of external radiation therapy is getting more and more uniform in the Nordic countries and also
worldwide. Inconsistent dose specifications can lead to larger uncertainties in the absorbed dose delivered to the target
volume than would be accepted. A Nordic working group was set up in the beginning of 1991 to investigate the problem
o f dose specification at the Nordic centres. The investigation was started by sending a questionnaire to each oncologist and
physicist sharing the responsibility for the radiation therapy process. A preliminary proposal for the basic principles of dose
specification was prepared in connection with this investigation. The main results of the questionnaire and the suggestion
to a standardized procedure in dose specification are presented.

1. INTRODUCTION

One of the major efforts of radiotherapy physicists in the Nordic countries have been to
improve and maintain high dosimetric accuracy in radiation therapy. In recent years, it has been well
realized that these efforts may be jeopardized by the evident inconsistencies in dose specifications.
The international questionnaire on dose specification (results presented at Lyon, France 1990) and the
work of the ICRU on this matter has manifested the acute need for aiming at more consistent methods
of specification.

On the basis of the above background, and on the initiative of the Finnish Centre for
Radiation and Nuclear Safety (STUK), a new questionnaire on dose specification was organized in
spring 1991 among the Nordic countries (Denmark, Finland, Iceland, Norway and Sweden). A
preliminary proposal for the basic principles of dose specification was prepared in connection with
this work. The original aim of the proposal was to prepare a uniform Nordic recommendation on
dose specification, reflecting the current and future capabilities and needs of Nordic radiotherapy
clinics, but without violating the forthcoming basic recommendations by the ICRU.

The results of the questionnaire as well as the proposal were discussed at the Nordic
Dosimetry Meeting in Tampere, June 1991, organized by STUK. Altogether about 40 radiotherapy
physicists or therapists participated in the meeting, with Torsten Landberg from the
ICRU Report Committee, Hans Svensson from the IAEA and Anders Brahme from Karolinska
Institute, Stockholm, as invited experts.

The Nordic questionnaire revealed the basic problem areas, the most important being the
definition of different margins when choosing the volumes, reflecting different understandings about
the share of responsibility between therapists and physicists, and the inconsistent dose concepts.
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2. EXECUTION OF THE QUESTIONNAIRE

All Nordic countries participated in the survey. From all countries one or two contact persons
attended a meeting in Stockholm, March, 1991, to discuss how the outcome of the questionnaire could
be put into practice. This working group asked all the Nordic radiotherapy clinics to nominate one
physicist or radiotherapist as a contact person to complete the questionnaire at his/her clinic. The
number of hospitals, radiotherapists and physicists participating in this questionnaire are listed in
Table I. The results were collected by the contact persons from each country.

Table I. NUMBERS OF HOSPITALS, RADIOTHERAPISTS AND PHYSICITS PARTICIPATING
IN THE QUESTIONNAIRE IN EACH COUNTRY.

Country Hospitals Radiotherapists Physicists

Denmark
Finland
Iceland
Norway
Sweden

5/6
9/9
1/1
5/5
15/15

15
37
4
18
14

13
21
2
13
19

Total 35 88 68

3. CONCLUSIONS FROM THE RESULTS OF THE INVENTORY

The results indicate that there is no general agreement on the basic concepts of dose
specification. There is a clear need to clarify the concepts - their names and definitions - in order
to aim at such general agreements. It was also noted that the introduction of the questionnaire had
already lead to many fruitful discussions within the clinics.

Only the most fundamental questions and conclusions from the replies to these questions are
discussed here. More detailed information may be obtained from the author.

QUESTION: What tissues, volumes and margins are included in the volume illustrated on the
intersections of the patient by the radiotherapist?

CONCLUSIONS: There is no exact, uniform agreement on the meaning of the volume(s) to be
treated, drawn on the intersections of the patient. The various concepts, their names and meanings,
are not clear and should be clarified.

The opinions of radiotherapists and physicists differ even within the same hospital.

A given alternative which included the demonstrable tumor, volumes with suspected disease, and
safety margins for different inaccuracies inside and outside the patient seemed to be the most popular.
However, the many remarks on the question showed that there is a need to differentiate between
motions and inaccuracies inside the patient and outside the patient. The motions and inaccuracies
outside the patient were, by several respondents, stated to be taken into consideration during the
dose-planning process. In Norway this standardized method has been applied for 15 years.
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QUESTION: Who takes the different movements and inaccuracies into consideration by adding
margins around the volumes containing suspected/verified malignant tissues?

CONCLUSIONS: There is no exact, uniform agreement on the use of the "safety margins": What
matters should be taken into consideration and who is responsible for them. The results include
combinations of replies, where in the same hospital the radiotherapist assumes the physicist to be
responsible and vice versa. The results suggest that sometimes some matters might not at all be taken
into consideration, or they might be taken twice. The majority tends to think that the radiotherapist
is responsible for the safety margin for the natural movement of organs and the change of the form
and size of the volumes and that the physicist or the physicist and radiotherapist together are
responsible for the safety margin for the inaccuracy of radiation field settings.

QUESTION: Is the height of the treatment field (the third dimension of the volume to be treated) the
same as the height of the volume given in the first question? Who decides the field setting of this
dimension?

CONCLUSIONS: The determination of the third dimension of the volume(s) to be treated is generally
performed on a different, less stringent basis compared with the two other dimensions. The field
setting in the treatment machine can often become the same as the height of the volume to be treated
and no corrections e.g. for the penumbra are made. The opinions on who is responsible for the
height of the treatment field differ even within the same hospital. The opinion of the majority is that
this is the responsibility of the radiotherapist.

QUESTION: The questionnaire contained several questions concerning the dose concepts used in
prescription and reporting the dose to the target volume.

CONCLUSIONS: The use of different dose concepts differs among the Nordic countries. This
appeared clearly from the Finnish, Swedish and Norwegian replies.

The results reflect the transition period in the Finnish practice, when the traditional simple dose
calculation methods are being replaced by modern CT-based and computerized dose planning. In the
traditional practice it has been important to ensure adequate dose to the whole target volume, and
"minimum dose" has been the main concept applied, while the maximum dose has also been
considered. The importance of the mean dose is now foreseen and the reported "minimum dose" (per
cent value) has sometimes been closer to the mean dose than the actual minimum. The majority
reported the use of "minimum dose", while some hospitals have already applied the concept of "mean
dose".

In Sweden most hospitals use the dose at a specified point. Three of the Swedish hospitals use the
mean dose and there seems to be a tendency to use this concept also at some of the other Swedish
clinics.

In Norway a general agreement was reached 15 years ago that the prescribed/reported dose shall be
the mean dose to the target volume. This concept is in use at four of the five Norwegian radiotherapy
clinics.

QUESTION: What is the requirement for the uniformity of dose distribution?

CONCLUSIONS: The most usual value reported for the difference between the maximum and
minimum dose in the target volume calculated from the prescribed dose was 10%. However the
opinions on the requirements differ even between the radiotherapists or the physicists at the same
clinic.

85



OS
Os

Set Up
Margin 1

Anatomical
Reference Point

Fig.l Definition of volumes and margins.



4. SUGGESTION TO A STANDARDIZED DOSE SPECIFICATION PROCEDURE

The persons mainly responsible for the following suggestion are Pirjo Aaltonen (STUK,
Helsinki) (the author), Anders Brahme (Karolinska Institute, Stockholm) and Hannu Järvinen (STUK,
Helsinki).

The Nordic working group will continue the work on this proposal. The author was
nominated at the Nordic Dosimetry Meeting in Tampere, as the coordinator of this working group.
Other members (1-3 per country) will be chosen later.

The suggestion is based on many discussions held at different national and international
meetings. The aim of this proposal is to help obtaining a high standard of radiation therapy.
Therefore, the basic assumption has been that the clinics have advanced therapy planning systems,
keeping in mind that the same specifications may also be used in simple situations.

4.1. Definitions of concepts and terms to be used in recommendations for prescribing,
recording and reporting external beam radiation therapy (see Fig. 1)

4.1.1. Volumes and margins

ANATOMICAL REFERENCE POINT is a well defined anatomical point in a patient to which
different volumes and margins and their movements can be related. There is often a need of several
anatomical reference points.

GROSS TUMOR VOLUME (GTV) is a gross palpable or visible/demonstrable extent and location
of malignant growth.

PRESUMED MICROSCOPIC DISEASE is subclinical involvement i. e. individual malignant cells,
small clusters, or microextensions, which cannot be detected by staging procedures. The Presumed
Microscopic Disease can be situated around the GTV or e.g. in regional lymph nodes.

ONCOLOGICAL VOLUME is a volume containing all verified and/or suspected malignant tissues
to be treated to a prescribed dose level. This volume can thus include both the GTV and the
Presumed Microscopic Disease or just one of them, e.g. if the GTV has been removed.

ANATOMICAL MARGIN is a margin around the Oncological Volume for expected movements
and/or changes of shape and size of the Oncological Volume in relation to the Anatomical Reference
Point(s).

TARGET VOLUME (TV) is a volume in a patient including the Oncological Volume and its
Anatomical Margin (if needed). The TV is the volume in a patient to which a prescribed dose has
to be ensured by a dose-planning procedure to treat the Oncological Volume to the prescribed dose
level.

ORGANS AT RISK are normal tissues whose presence influence treatment planning and/or dose
prescription.

SET UP MARGIN is a margin for movements of the Anatomical Reference Point(s) in relation to the
radiation beam. This is a margin due to uncertainties in patient positioning (interfractional
movements), treatment unit performance characteristics, dose-planning and treatment technique in
general. This margin also considers the movements of the patient during one single treatment
(intrafractional movements). The Set Up Margin is dependent on the treatment technique and it is
needed in the treatment-planning procedure to ensure the prescribed dose to the TV.
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TREATED VOLUME is a volume enclosed by an isodose surface being representative for tumor
eradication (e.g. 0.95 x prescribed dose).

IRRADIATED VOLUME is a volume which receives a dose that is considered significant in relation
to normal tissue tolerance.

HOT SPOT is a volume outside the TV, which receives a dose larger than the prescribed dose in the
TV.

4.1.2. Absorbed dose

DOSE AT A POINT (Dp) is a dose value calculated at a specified point in the patient.

MEAN DOSE AND ITS STANDARD DEVIATION (Dmam,a) in a specified volume are calculated
using dose values at each of many discrete points, evenly distributed in this volume.

MINIMUM DOSE (Dmin) in a specified volume is the smallest dose value in this volume.

MAXIMUM DOSE (D^J in a specified volume is the largest dose value in this volume.

In general the dose value at a very large number of points has to be calculated to find the true value
of the D^ or the D»».

4.2. Recommendations for prescribing, recording and reporting external beam radiation therapy

At the moment only the main recommendations for using the concepts and terms defined in
4.1 are given.

4.2.1. Volumes and margins

The different volumes and margins included in the Target Volume should always be specified
before starting the dose planning process. The Set Up Margin has to be specified during the
treatment planning process because it is dependent on the treatment technique.

The radiotherapist should be responsible for taking into consideration all the volumes and
margins included in the Target Volume. The radiotherapist and the physicist should both be
responsible for taking all contributions to the Set Up Margin into account.

Often many connected or disconnected Target Volumes have to be identified to be treated to
the same or different prescribed dose levels. One Target Volume can contain another Target Volume
which requires lower or higher dose. E.g. if a lower dose is desired to the Presumed Microscopic
Disease than to the Gross Tumor Volume two different Target Volumes should be specified.

4.2.2. Target absorbed dose

The prescribed dose to a patient should principally be stated as a mean dose to each of the
identified Target Volumes. Good instructions are needed during the transition period from earlier
procedures to assure accurate continuation of established dose prescriptions.

The delivered dose distribution in the Target Volume should be such that its standard
deviation is less than 3% and the dose at any point does not deviate by more than 5%, of the
prescribed dose.
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The dose to the Target Volume should be recorded and reported as the mean dose and the
standard deviation of the dose distribution in this volume. However, the dose at a reference point
in the Target Volume should also be stated in order to facilitate comparisons with previous
specifications and to simplify patient dosimetry etc. This point should be chosen to represent the dose
in the Target Volume as well as possible and it has to be geometrically well defined. In addition, the
minimum and maximum doses in the Target Volume should be recorded and reported.

REFERENCE

[1] Dose specification for reporting external beam therapy with photons and electrons, ICRU Report
29, (1978).
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DOSE SPECIFICATION IN IRIDIUM-192 INTERSTITIAL BRACHYTHERAPY

E. ROSENBLATT
Northern Israel Oncology Center,
Rambam Medical Center,
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Technion - Israel Institute of Technology,
Haifa, Israel

Abstract

Brachytherapy retains its importance in Radiation Oncology. There are several established ways of prescribing and
reporting the dose for interstitial therapy, which differ in concept and have proved themselves to be useful in various clinical
situations. However, there is no universally accepted way of prescribing interstitial irradiation. A generally accepted
common language for interstitial therapy dose prescription seems to be needed. An acrylic simulation model was developed
in order to perform measurements of the spatial dose distributions around geometrically ideal Ir-192 interstitial implants.
A series of experimental measurements were done, using Lithium Fluoride thermoluminescence dosimetry (TLD). A
computer program was developed ("IRIDIUM") to perform calculations of the dose distribution from Ir-192 seeds,
considered as point sources. Calculated doses were compared with the measured data for the same experimental implants
and found to be in agreement within ±_ 12%. This variation is in the same order of magnitude as the precision of the TLD
measurements. Several clinical cases of patients treated with Ir-192 implants were analyzed using the computer program
which was found useful for dose specification purposes as well as for explaining and predicting secondary effects of
radiation. Based on theoretical considerations, dose specification to the Minimum Reference Isodose is proposed. This
parameter is the highest dose-rate for which a continuous contour encloses all the sources in the several dosimetric planes
taken within the planned treatment volume. The Minimum Reference Isodose is defined geometrically. We propose a
formula for its calculation in the case of two point sources: given the simplest case of two point sources separated by a
distance "d", the location "h" of the first straight isodose is given by h = 1/3 x d/2.

1. INTRODUCTION

Brachytherapy continues to be an important modality in cancer therapy, either alone or in
combination with external beam techniques. Current technical developments have stimulated a
renewed interest in this modality. Among these developments are the introduction of new artificial
isotopes, afterloading devices to reduce staff exposure to radiation and automatic devices with remote
control to deliver controlled radiation exposure from high activity sources.[1] Several dosimetry
systems have been developed and found useful for specific clinical situations. These systems provide
different rules for source implantation, use various radioactive materials and sources, and define the
prescribed dose in a completely different manner. As a consequence it may be said that the use of
discrete radioactive sources for interstitial brachytherapy is not standardized throughout the world
today. Treatment techniques are therefore difficult to compare and reproduce.

The ultimate objectives of physical treatment planning are: (a) to provide a complete
specification of the distribution of absorbed dose produced in a given region of an irradiated patient,
and (b) to determine the arrangement of the internal radiation sources, or the orientation of the
externally applied radiation beam, such that the optimum dose
distribution is achieved [2].

According to Paterson and Parker, a system of dosimetry in brachytherapy is a method of
correlating dosage measurements with a scheme of distribution giving homogeneity. As such it will
consist of distribution rules for the radioactive sources in the tissue, together with a series of dosage
tables or graphs based on the accepted dosage unit [3].
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Due to their historical importance and widespread use, three systems of interstitial dosimetry
have been widely reviewed in the literature: the Manchester (or Paterson-Parker) system, the Quimby
system and the Paris system. During the past several decades, these traditional systems have been
largely replaced by computerization of implant dosimetry. In 1963, based on previous work by
Shalek and Stovall, J.S.Laughlin of Memorial Hospital published a computerized method of
calculating dose distribution in seed implants [2]. This computerized system provides the
radiotherapist with isodose contours throughout and beyond the implanted volume. It demonstrated
the feasibility of a three-dimensional comprehensive description of the dose distribution produced in
the body by internally located sources. The recent sophisticated developments in computers have
allowed the construction of dose-volume histograms which provide a detailed description of the three
dimensional dose distribution resulting from implants. From these dose-volume histograms, predictive
indicators (such as uniformity indices or non-uniformity ratios) can be extracted. These in turn, are
used to assess the quality of the implants performed.

Based on computer planning, many radiotherapists now specify the dose individually for each
patient without reference to any published system. This has not solved the problem of dose
specification, because very large variations in the dose delivered to a patient for a given implant and
for the same prescribed dose, may result from this subjective procedure. [4]

Certainly, computer calculated isodose plots are an invaluable instrument in the process of dose
specification and quality evaluation of brachytherapy implants. However, they do not substitute for
a rational system of dose specification, and an internationally accepted language. Such system should
be based on physical parameters but also on updated radiobiological knowledge and on the
pathological behavior of the diseases to be treated.

2. MATERIALS AND METHODS

2.1. Development of a computer program for Ir-192 dosimetry

A special computer program was developed in order to calculate the dose distribution at
designated points in space or to obtain isodose curves from Ir-192 interstitial implants. This program,
called "IRIDIUM", was written in the FORTRAN language using a DG30 computer at the Oncology
Institute. It is composed of four programs, each of which is, in turn, composed of several
sub-routines (Fig. 1).

1RIPLOT stop

Fig. 1. Flow chart of the iridium-192 dosimetry program.
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Fig. 2. Double plane ir-192 implant in a case of sacrococcygeal chordoma.

Fig. 3. Frontal radiograph of the implant.
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Fig. 4. Isodose distribution in the midplane between the two radioactive planes, in the case showed
in Figs. 2 and 3.

The activity of the sources is given in mg Radium equivalent. The program uses the modern
value of the Specific Gamma Ray Constant of Radium, considered to be 8.25 R cm2 h-1 mg-1.
Besides, it uses the value of gamma ray attenuation in water for Ir-192 point sources given by:

exposure in water
exposure in air = A + Bxr + C x r 2 + D x r 3

(where r = distance in cm)

due to the fact that this variable depends on the energy spectrum characteristic of iridium sources.[5]

As a first step in the program development, it was tested in two different forms: (a)
considering the Ir-192 seeds as point sources, and (b) considering them as discrete linear sources and
using the Sievert integral method of calculation. [1] The latter approach required the use of higher
computer resources. A comparison of both methods, applied to specific implant cases showed
differences in the order of 1 %. Therefore, the point source approach was selected for routine use
in the program.

An analysis of several cancer cases treated with Ir-192 interstitial implants was done. For
this analysis we obtained isodose plots of geometrically non-ideal implants from the computer output.
The graphical and numerical data provided by the computer, allowed for dose specification as well
as for the explanation of secondary effects of the treatment, on the basis of the dose at different
anatomical locations inside or outside the treated volume (Figs. 2, 3 and 4).
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Fig. 5. Simulation acrylic model for the study ofir-192 implant dosimetry.

2.2. Measurement of Ir-192 dose distribution

In order to study the spatial dose distribution of geometrically ideal Ir-192 seed-ribbon
implants, a simulation acrylic model was constructed. The aim of such simulation model was to
perform measurements for ideal implants at different distances from the implant plane. The data
obtained was then used to check and adjust our computer program to actual dosimetric measurements.

The simulation model consisted of a cubic acrylic box of 0.8 cm wall thickness (Fig. 5).
Acrylic was used as tissue-equivalent medium due to its attenuation characteristics. Two parallel rows
of holes, 2.5 mm in diameter, are located in the front and back walls of the model. There is 1 cm
spacing between the holes and 1 cm separation between both rows. These holes are intended for
placing Ir-192 seed-ribbons inside nylon tubes as performed in an actual interstitial implant.
Stainless-steel buttons are used to fix the ribbons in place at both sides of the box.

Above these two rows of holes, six plates of 1 mm thick acrylic were placed so as to slide
in parallel grooves on the inner aspect of the anterior and posterior walls. These acrylic plates,
designated Dosimetry Planes I to VI, are located at fixed distances - 0.5 cm, 1, 2, 3, 4 and 5 cm)
from the upper row of holes.

Before each dosimetric test, thermolouminescence (TLD) chips were placed at predetermined
points on the acrylic plates and fixed to them with adhesive tape. The material used for TLD was
Lithium Fluoride (LiF) in the form of 3x3x1 mm chips, with an effective atomic number of 8.2,
which is close to that of soft tissue (7.4). Two TLD chips were located at each designated point for
accuracy. Each pair of chips was given a code number and its spatial position relative to the
radioactive implant was carefully recorded. In this way, TLD chips pairs were placed at specific
points in the six dosimetry planes and these planes in turn were located in place above the implant.
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The last handling to be done once the model was ready, was the rapid insertion of the Ir-192
seed-ribbons through the nylon tubes as is routinely done in an actual implant using afterloading
technique. "They were fixed in place by closing the metallic buttons, and the whole system was
submerged in the tank of a water phantom. The water between ribbons and dosimetry planes acted
as tissue equivalent medium. After a precalculated time, the radioactive ribbons were removed from
the model, and the coded TLD chips processed to determine absorbed dose at the different points.

3. RESULTS

The results of this TLD measurements were compared to the predicted spatial dose distribution
as calculated by the IRIDIUM program in a series of experiments. Table I shows the results of one
such experiment. The geometry and computer calculated isodoses for this implant are depicted in Fig.
6. In table I, the first column from the left shows the code number of the points examined in each
case. The second column is the average dose-rate for each dosimetry plane, as calculated by the

Table I. COMPARISON BETWEEN CALCULATED AND MEASURED DOSE-
RATES IN ONE OF THE EXPERIMENTS DESCRIBED.

Experiment 1
DOSES AT SELECTED 29 POINT LOCATIONS.

POINT PATERSON-PARKER COMPUTED MEASURED DOSE % VARIATION
AVERAGE DOSE- DOSE RATE TLD in RATE CALCULATED
RATE AT PLANE in in cGy/hr cGy in vs.MEASURED
cGy/hr cGy/hr

1
2
3
4
5
6
7
8
9 *
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

I 0.5 cm
40.52

II 1.0 cm
24.98

III 2.0 cm
13.35

IV 3.0 cm
8.56

V 4.0 cm
5.93

VI 5.0 cm
4.37

52
38
38
38
30
34
23
23
23
23
19
13
13
13
13
1?.
8
8n
8n

6
6

3080
1960
2010
1950
1850
1060
1430
J430
2100
1110
990
635
615
675
731
670
440
460
460
460
430
305
330
325
315
306
255
230
220

64
41
42
41
39
22
30
30
44
23
21
13
13
14
15
14
9
10
10
10
9
6
7
7
7
6
5
5
5

-19
7
10
7
3
35

-23
-23
-48
0

-10
0
0
-7
-13
-14
-11
-20
-20
-20
-11
0
14
14
14
0

-20
-20
-20

+ 12.7 %
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/£. <î. Computer calculated isodosesfor a 42 seeds ideal implant performed in the acrylic model.

Paterson-Parker system. The third column shows the dose-rate for each point as calculated by the
IRIDIUM computer program. The fourth column presents the absorbed dose in cGy as measured by
LiF TLDs at each designated point. The fifth column shows the dose-rate for each point, obtained
by dividing the measured dose by the total number of hours of the implant (measured dose-rate). The
sixth column presents the percentage of variation between measured and calculated dose-rates. At
the bottom of this column, the average percentage of dose-rate variation for that particular experiment
is shown. A good correlation existed between calculated and measured figures which were found to
be in agreement within ± 12 %. This variation is in the same order of magnitude as the precision of
the TLD measurements.

4. DISCUSSION

In the Manchester system, dose in a planar implant is prescribed in a plane parallel to the
implanted area at 0.5 cm from that plane [3]. However, in any implant one treats not a plane, but
rather a volume, however thin this treatment volume is. Thus, the statement of dose and homogeneity
specification on a plane is, at best, incomplete.
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Fig. 7. Computer calculated isodosesfor another implant in a plane 1 cm from the implant plane,
and in the sagital plane, (see text)

Seed implants are prone to have major inhomogeneities, since many sources are involved and
since the Paterson-Parker distribution rules are not easily followed under clinical circumstances. Dose
specification should be in three dimensions, and should ideally also take into consideration the
inhomogeneous composition of the body to the extent that this is known. [2] It should be a
requirement for the stated implant dose that the corresponding isodose should always fully surround
the implanted tumor as well as an adequate safety margin [6]. So that in the absence of internal "cold
spots", the prescribed treatment dose will be the highest dose for which the isodose contour
completely encloses the target volume. In order to fulfil these requirements it appears logical that
dose specification should be made on an isodose surface, and that this isodose surface must be
geometrically defined. This recommendation is similar to that of the ICRU on dose specification for
the intracavitary therapy of uterine cervix cancer: the geometrically defined 60 Gy volume.[8].

It must be born in mind however, that the process of dose specification is not only a
geometrical or physical one. The trained radiotherapist will resort to his clinical skills to envisage
the whole medical reality of his patient. This includes the oncologic diagnosis and stage of disease,

98



Y
1 . 90

l 42 -

0 95 -

0 47

t

0 . 7 f , 2 non

6
10

7
?n

R
40

h s

Fig. 8. Given the simplest case of two point sources separated by a distance "d", the location "h'
of the first straight isodose is given by this formula.

the aim of the brachytherapy treatment, whether adjuvant or therapeutic, the degree of aggressiveness
of the tumor, inhomogeneities and organs at risk in or near the treatment volume, and the general
condition of the host as reflected by the performance status. Thus dose specification in radiotherapy
is a clinical decision in which the radiotherapist resorts to physical and geometrical parameters in
order to: (a) quantify the treatment given to an individual patient,(b) analyze and reproduce results
according to the dose specified and (c) compare results of different institutions.

When observing the isodose pattern of an interstitial implant in the transverse plane (Fig.7)
it may be noted that the lines are concave in the areas between seeds, representing zones of dose
decrease. When moving towards the periphery the lines tend to become straight and then adopt a
convex pattern surrounding the implant, so that at a certain distance from it, they adopt the form of
concentric circles centered at the group of sources. Thus, going from the center of the implant
towards the periphery, an isodose contour is found to first adopt the shape of a straight line in the
transverse plane. This isodose line can be mathematically defined relative to the geometry of the
sources. For example, given the simplest case of two point sources separated by a distance "d"
(Fig. 8), the location "h" of the first straight isodose is given by:

h = i / 3 x d / 2
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The counterpart of this line in a spatial configuration is an isodose surface which continuously
surrounds the target volume. This isodose surface we call Minimum Reference Isodose because any
other isodose line closer to the implant would result in an irregular or heterogeneous volume. Thus
the Minimum Reference isodose is representative of the dose rate taken to be the maximum dose-rate
for which a continuous contour encloses all the sources in the several dosimetric planes taken within
the planned treatment volume.

5. GLOSSARY

The main elements of a reporting system include the following definitions:

IMPLANT PLANE: In a single or double plane implant, the geometric plane(s) where the radioactive
sources are located.

REFERENCE PLANE: The plane to which the prescribed dose is referred. In the Manchester
system, for a single plane implant, is a plane 0.5 cm distant and parallel to the implant plane. For
a double plane implant, is the plane midway between the implant planes.

CENTRAL PLANE: The plane perpendicular to the implant plane, which contains the centers of
the radioactive lines. In the Paris system, the dose is always specified to this plane.

AXIAL PLANE: Plane at right angle to the implant plane but parallel to the sources.

TUMOR VOLUME: The volume of clinical tumor as can be geometrically defined using clinical
and radiological methods.

SAFETY MARGIN: An area at risk of containing subclinical or microscopic invasion around the
tumor and not amenable to visualization by current clinical or radiological methods.

TARGET VOLUME: A volume which contains those tissues that are to be irradiated to a specified
absorbed dose according to a specified time-dose pattern. Contains the Tumor Volume and the Safety
Margin. The choice of this parameter depends on clinical considerations.

TREATMENT VOLUME: The volume enclosed by a relevant reference isodose surface selected
by the radiotherapist and encompasses at least the Target Volume.

PRESCRIBED DOSE: (Specified dose, Stated dose, Reference dose, Implant dose). The minimum
dose received within the Treatment Volume and attained at the Reference Isodose Surface.

REFERENCE ISODOSE SURFACE: The isodose surface surrounding the tumor and its margins, on
which dose prescription is based. It encloses the Treatment Volume and should always fully surround
the Tumor Volume and an adequate Safety Margin.

AVERAGE DOSE: The average of doses or dose-rates of all sub-volumes inside the treated volume
encompassed by 5 cGy/hr dose-rate intervals [9,10].

MATCHED PERIPHERAL DOSE: Dose for which the contour volume is equal to the volume of an
ellipsoid with the same dimensions (along its axes) as the measured, mutually perpendicular
dimensions of the Target Volume [11].

HIGH DOSE REGIONS: The areas outside the Reference Isodose Surface with a dose rate higher
than 10 % of the average dose rate.
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LOW DOSE REGIONS: The areas inside the Reference Isodose Surface with a dose rate lower
than 10 % of the average dose rate.

QUALITY INDICES: Uniformity value of an implant which quantifies the quality of an implant with
a single numerical value [12].
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DISCUSSION OF THE DIFFERENCES BETWEEN THE ICRU DEFINITION
AND THE ALTERNATIVE PROPOSAL PRESENTED AT THE MEETING

P. Aaltonen, A. Brahme
Department of Radiation Physics,

Karolinska Institute and Stockholm University,
Stockholm, Sweden

There are a few but important principal differences between the ICRU method presented by
Torsten Landberg and the new proposal discussed by Pirjo Aaltonen. The main differences are:

(a) The new proposal recommends the arithmetic mean value of the dose distribution in the target
volume and its relative standard deviation to be primarily used for dose prescription and
reporting whereas ICRU recommends the dose at the ICRU reference point and in addition
the minimum and maximum dose to the planning target volume for reporting.

(b) The new proposal defines only one strict target volume which includes all verified or
presumed tumor bearing tissues plus a margin to allow for possible internal organ motions
relative to anatomic reference points on the patient. This true target volume therefore
includes all volumes in the body in relation to anatomic landmarks where there is a high
probability of finding clonogenic tumor cells. The corresponding ICRU definition includes
both a clinical target volume which only includes all verified or presumed tumor bearing
tissues and a planning target volume which in addition includes margins for all organ motions
and patient motions relative to the therapy beams.

These differences are schematically illustrated in the Fig. 1. Since both the dose concepts (1)
and the target volume concepts (II) are different and since they are not mutually independent
(specially with regard to the dose concepts, 1), they can cause significant differences in many cases
of clinical importance. The main practical consequences may be summarized as follows:

(a) The absorbed dose at the ICRU reference point often differs by several percent from the mean
absorbed dose to the target volume. In multiple field techniques, for example, the ICRU
pollit dose will be some three percent higher than the mean dose to the target
volume.Therefore, doses reported using the two methods may differ by about this amount.

(b) The planning target volume of ICRU is generally larger than the more strict new target
volume concept and consequently particularly the minimum dose to the planning target
volume may be significantly smaller than that in new more the strict target volume.

(c) Since all the above uncertainty margins are included in the planning target volume the ICRU
method gives less room for treatment optimization (see for example Fig. 10 of the paper by
Brahme). In addition, all dose values reported pertain to this extended target volume and are
therefore less relevant for the treatment outcome than those for the strict target volume.

(d) The ICRU reference dose is by definition a point dose value and thus linked to a large
statistical uncertainty according the classical definition of absorbed dose (see ICRU 33 and
36). The new method recommends the use of the arithmetic mean dose in the strict target
volume. The common statement that a point dose calculation is more accurate than an
arithmetic mean dose calculation is not really true. It is often said that a computer is needed
to calculate a mean dose value. This is certainly the case also for accurate point doses.
However, a mean dose value in an extended volume where interface effects are averaged out
can generally be calculated more accurately! The arithmetic mean dose is therefore a
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physically more well defined quantity even if several point dose values have to be calculated
to arrive at an accurate value. However, the standard deviation of the mean target dose may
then also be calculated and both these concepts are known to be of considerable clinical
interest as they are related to the probability of controlling the tumor (cf. the papers of
Awwad and Brahme).
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II. TREATMENT UNIT CALIBRATION,
BEAM PERFORMANCE



SUMMARY AND CONCLUSIONS OF SECTION H

TREATMENT UNIT CALIBRATION, BEAM PERFORMANCE

A. DUTREIX
Department of Radiotherapy,
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Leuven, Belgium

J. JÄRVINEN
Finnish Centre for Radiation and Nuclear Safety,
Helsinki, Finland

D. I. THWAITES
Department of Medical Physics and Medical Engineering,
Western General Hospital,
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1. ABSORBED DOSE CALIBRATION OF TREATMENT EQUIPMENT

Dosimetry protocols based on a coherent set of the latest accepted physical data should be
followed (eg IAEA TRS 277, 1987). The need to carefully follow these recommended procedures
was pointed out by some questions from the discussion, e.g.

- for the determination of E0 for absolute dose measurements for electrons, the field size used
should be suitably large. The E0 obtained is then to be used for all field sizes.

- the need for recombination corrections should always be considered.

- if air pressure values quoted by an airport, etc., are used for unsealed chamber corrections,
it must be checked that they correspond to actual values in the radiotherapy centre (and are
not corrected to sea level).

The calibration of ionization chambers for absorbed dose measurements shall be traceable to
an appropriate standards laboratory. A quality control programme (i.e. regular constancy testing)
must be implemented on the dosimetric equipment, and also on support instrumentation such as
barometers, thermometers etc.

Absorbed dose determination in non-reference conditions, as well as the acquisition of other
beam data for treatment planning, requires careful measurements. Specific areas requiring particular
care include: effects of beam accessories, particularly wedges; field size factors; collimator factors;
and any measurements close to the surface. Uncertainties on Peak Scatter Factors were underlined,
requiring scientific work to resolve. The definition and use of some parameters, eg collimator factor,
requires agreement.

Specific recommendations were drawn up concerning independent verification of initial output
calibration of newly installed megavoltage treatment units or after replacement of a Co-60 source.
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2. DUALITY ASSURANCE PROCEDURES

Every radiotherapy centre should have a well documented quality assurance programme in
operation, at an appropriate level, including quality control programmes on treatment equipment.
Scientific work is required to define the performance requirements on treatment units more rigorously,
following analysis of clinical requirements balanced against practical engineering considerations.
Different test methods and conditions should be carefully compared to ensure sound comparison of
performance characteristics. Scientific work is also required to underpin the recommendations on the
frequencies and content of various quality control tests. The probability for the test results to deviate
from the reference values should be considered,as well as the consequences of such deviations.

3. DOSIMETRIC INTERCOMPARISONS AND QUALITY AUDITS

Dosimetric intercomparisons, or wider quality audits, are effective in demonstrating the
uncertainties in dosimetry, in highlighting problem areas, in detecting large errors and in improving
the situation with time. It is recommended that each Centre should participate regularly in such
exercises. The introduction of intercomparisons or quality audits should be supported, but these
activities should be coordinated to prevent unnecessary duplication of effort. Participation in audits
or intercomparisons shall never be regarded as a substitute for an adequate quality assurance
programme carried out in the individual Centre.

4. CLINICAL METHODS AND TERMINOLOGY

Differences in clinical approach, technique or terminology can significantly affect the
Therefore consistency in clinical methods achievement of overall dosimetric accuracy, is as important
as in physical dosimetry.

5. EDUCATION AND COMMUNICATION

A continued emphasis is required on education of, and communication between, all groups
involved in radiotherapy (including equipment manufacturers) to maintain an awareness of quality and
consistency requirements at all levels of the radiotherapy process.

6. APPENDIX: TERMINOLOGY

Type Tests - initial testing to establish typical standards of performance ofthat model or type
of equipment, to verify design criteria and specifications are met and on which to base the description
of performance.

Acceptance Tests - carried out by user and manufacturer together during the installation
process, on each particular piece of equipment to demonstrate that individual treatment unit conforms
to the specification drawn up by the purchaser and on which supply was offered by the
manufacturer/suppl ier.

Commissioning - carried out by the user once installation and acceptance are complete;
acquisition of reference set of data on machine performance and beam characteristics. This acts as
the basic data set for predicting the behaviour of the equipment in any clinical situation and includes
all machine data required as input to the treatment planning process. In particular commissioning
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includes:

Calibration - the determination of absorbed dose under standard reference conditions,
following a set of recommendations in a dosimetry protocol or code of practice. All other
measurements on this treatment modality will be referenced to the beam calibration in a
relative way.

Quality Control tests - constancy or status tests carried out as part of an on-going quality
control programme on the unit, comparing back to the reference data set taken at commissioning, in
order to ensure that the machine performance remains within defined tolerances of that reference set.

Quality Assurance (Q.A.) - all those planned and systematic actions necessary to provide
adequate confidence that a product or process performs satisfactorily in service (ISO).

Quality Assurance in Radiotherapy - all those procedures that ensure consistency of the
medical prescription and the safe fulfillment ofthat prescription as regards dose to the target volume,
together with minimal dose to normal tissue, minimal exposure of personnel and adequate patient
monitoring aimed at determining the end result of treatment (WHO).

Quality Control - regulatory operational techniques and activities through which the actual
quality performance is measured and compared with existing standards and the execution of any
required action necessary to maintain or regain conformance with the standard.

Quality Audit - independent review of quality assurance and quality control programmes,
performed by an independent person or body, not responsible for or involved in the product or
process under review.
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THE CALIBRATION CHAIN
Role of the IAEA/WHO Network of SSDLs

H. SVENSSON, K. ZSDANSZKY
Department of Human Health,
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Vienna

Abstract

Dosimeters used by radiotherapy centres shall be calibrated periodically to ensure that the prescribed dose within the
required limits be delivered to patients. To this aim a Network of Secondary Standard Dosimetry Laboratories (SSDLs)
was established by the IAEA and WHO in 1976. Primary Standard Dosimetry Laboratories (PSDLs) maintain primary
standards. They participate in the International Measurement System comparing their standards with the "Bureau
International des Poids et Mesures" (BIPM) and with other PSDLs. The PSDLs calibrate the secondary standards of the
SSDLs. The field instruments of the users are calibrated by the SSDLs. This calibration chain ensures worldwide
unification of dosimetric measurements.

1. INTRODUCTION

In 1968 at an IAEA meeting in Caracas, Venezuela the dosimetric requirement of radiotherapy
centres were discussed [1]. At that time many radiotherapy departments in developing countries did
not have a dosimeter. Even those that had a dosimeter were seldom able to send it to a Primary
Standard Dosimetry Laboratory (PSDL) for proper calibration. The establishment of regional
dosimeter calibration laboratories was recommended by the participating experts including
representatives of WHO. There was general consent that it was not necessary to establish in every
country a PSDL, which would need a very qualified staff and sophisticated equipment. Instead, the
establishment of Secondary Standard Dosimetry Laboratories (SSDLs) was found to be an adequate
solution of the problem.

The new idea of SSDLs and their role within the international metrology system was
thoroughly discussed at a joint IAEA/WHO meeting in Rio de Janeiro (scientific secretaries:H.H.
Eisenlohr, IAEA and W. Seelentag, WHO) in December 1974 [1]. Considering the fact that an SSDL
cannot work in isolation the experts recommended the setting up of an international Network of
SSDLs under the auspices of IAEA and WHO.

The statutes of the IAEA/WHO Network of SSDLs were laid down in a Working
Arrangement between the IAEA and WHO in April 1976 [2]. Later in 1976 the two Directors
General of IAEA and WHO formally announced by circular letters to their respective member states
the establishment of the IAEA/WHO Network of SSDL. The Criteria for the Establishment of a
Secondary Standard Dosimetry Laboratory were formulated by an Advisory Group and were attached
to these letters.

At that time there existed already eight laboratories which had been designated by WHO
during the period 1968-1976 as regional reference centres for dosimetry. Another SSDL had been
set up in Rio de Janeiro in collaboration between the Brazilian Government and the Government of
the Federal Republic of Germany, and IAEA. As a consequence of the announcement of the
establishment of the SSDL Network, this number of SSDLs nominated by the relevant national
authorities rose to over 30 within 15 months. Now there are more than 70 SSDLs members of the
Network throughout the world with 40 of these being in developing countries.
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2. THE INTERNATIONAL MEASUREMENT SYSTEM

The "Bureau International des Poids et Mesures" (BIPM) was set up by the "Convention du
Mètre" with its laboratory in Sèvres, near Paris in order to ensure worldwide unification of physical
measurements. PSDLs from Member States of the "Convention" participate in the INTERNATIONAL
MEASUREMENT SYSTEM making comparisons with the BIPM, and with other PSDLs (Fig. 1.). The
PSDLs maintaining PRIMARY STANDARDS calibrate the SECONDARY STANDARDS of SSDLs and
may also calibrate the field Instruments of the users.

In the world there are only some 20 countries (Fig. 2.) with PSDLs. They cannot calibrate
the very large number of dosimeters which are in use all over the world. The SSDL Network (Fig.
3.) has been organized by the IAEA and WHO in order to establish links between member
laboratories and the International Measurement System.

The comparisons and calibrations performed within the International Measurement System
provide a world-wide Quality Assurance and ensure the unification of physical measurements. The
SSDL Network contributes to this aim improving accuracy in applied radiation dosimetry mainly in
developing countries.

3. THE ORGANIZATION OF THE SSDL NETWORK

Laboratories fulfilling the general criteria for the establishment of a SSDL [3] and nominated
by the Government of the Member State concerned are (or may become) members of the SSDL

INTERNATIONAL MEASUREMENT SYSTEM

PRIMARY STANDARDS BIPM Q . A . PSDLs
-ix

N! c A L i B_.J!"-S"'T i- o t\ s \ \.
L*-"'

N

SECONDARY STANDARDS IAEA
SSDL

Q . A . SSDLs

FIELD INSTRUMENTS USERS
(RADIOTHERAPY CENTRES)

Fig. 1. Primary Standard Dosimetry Laboratories (PSDLs) maintain primary standards. They
participate in the International Measurement System comparing their standards with the "Bureau
International des Poids et Mesures" (BIPM) and with other PSDLs. The PSDLs calibrate the
secondary standards of SSDLs. The field instruments of the users are calibrated by the SSDLs. The
International Measurement System ensures worldwide unifiaction of physical measurements.
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IAEA/WHO SSDL NETWORK

Hi 14 COUNTRIES WITH PSDLs (AFFILIATED MEMBERS)
Fig. 2. Fourteen national laboratories of metrology (PSDLs) have agreed to participate in the SSDL
Network as Affiliated Members providing support and calibrations.

IAEA/WHO SSDL NETWORK

I 51 COUNTRIES W I T H 66 SSDLs

Fig. 3. There are 66 SSDLs members of the SSDL Network from 51 countries.
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Network. Only one SSDL should be nominated for each Member State for participation in the SSDL
Network. A National SSDL Organization could be established and nominated to the Network, if more
than one SSDL deemed to be necessary or desirable [4]. In such cases the measurement standards
of all SSDLs must be traceable to the national measurement standard for the given quantity which
should be recognized in a regulatory form by the competent national authorities. The National SSDL
Organization should co-ordinate the competence of the individual SSDLs. The members of the SSDL
Network are listed in SSDL Newsletter No. 29 [5].

Fourteen national laboratories of metrology (PSDLs) have agreed to participate in the SSDL
Network as affiliated members providing advice and support, including calibration of secondary
standards. Five competent international bodies, among them the International Bureau of Weights and
Measures (BIPM), the International Office of Legal Metrology (OIML) and the International
Commission on Radiation Units and Measurements (ICRU) have also agreed to support the SSDL
Network. The Affiliated Members and the collaborating international organizations are listed in
SSDL Newsletter No. 29 [5].

Secretariat functions in support of the SSDL Network are shared between the IAEA and WHO.
A change of secretaries took place in 1987 due to the retirement of the two officers, Dr. Horst H.
Eisenlohr (IAEA) and Dr. N.T. Racoveanu (WHO). The present secretaries are Dr. Gerald P.
Hanson (WHO) and Prof. Hans Svensson (IAEA).

The Network Secretariat:
- establishes links between SSDLs and PSDLs
- organizes dose comparisons for Network members
- assists in organizing training for SSDL's staff
- maintains contact with Network members
- provides relevant information for SSDLs.

The IAEA Dosimetry Laboratory is an SSDL and maintains secondary standard dosimeters
which are calibrated directly at the BIPM. It serves as the central co-ordinating laboratory for the
Network performing dose intercomparisons and calibrations of dosimeters for SSDLs and accepts
fellows for training from developing countries. Special devices for use in SSDLs are designed and
developed in the IAEA Dosimetry Laboratory.

A standing SSDL Scientific Committee has been appointed by the Directors General of the
IAEA and WHO. It is composed of six experts from BIPM, ICRU, PSDLs and SSDLs. It advises
the Directors General of IAEA and WHO regarding the programme of work of the SSDL Network,
assist the Network Secretariat on methods of carrying out its responsibilities and prepares reports to
the Directors General of the IAEA and WHO on the activities of the SSDL Network. In addition the
Committee gives advice and reviews the dosimetry programme of the IAEA.

4. IAEA SUPPORT

Participation in the SSDL Network does not constitute a prerequisite for obtaining assistance
through the IAEA's Technical Co-operation programme [6]. The provision of such assistance is
based on a request from the competent national authorities and is taking into account the priorities set
by them, within the limits of resources available for the implementation of that programme.

But the Agency's technical co-operation programme has played a crucial role in the
establishment of many SSDLs in the Network. Its assistance has ranged from very modest projects
involving a few weeks of expert advice to large scale projects. In several projects the IAEA has
provided, over a period of several years, the training and major basic equipment for the SSDL,
including '"Co sources, X ray generators and radiation safety installations. But in all cases the
training of staff has been considered more important.
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Great emphasis has been put on setting up properly organized training courses. Fellowships
have been given by which fellows work for sometime at national standard laboratories and at the
IAEA Dosimetry Laboratory in Seibersdorf near Vienna. Many calibration exercises have been
performed during regional calibration trips, financed by the IAEA's interregional technical co-
operation programme.

5. MEASUREMENT STANDARDS OF SSDLS AND THEIR METROLOGICAL CONSISTENCY

81 therapy level and 45 protection level secondary standard dosimeters were reported by 61
SSDLs from 51 countries during the period of 1985-1988. About 50 % of the reported secondary
standards were not calibrated after their first calibration and 17 had their last calibration before 1980.

A programme for improving coherence and accuracy of SSDL reference instrumentation was
recommended by the SSDL Scientific Committee in 1986 [7]. The name "Programme Care" was
adopted in order to emphasize the importance of Coherent and Accurate Reference instrumentation,
as the basis for a world-wide network of secondary calibration laboratories. It was recommended that
periodic comparisons should be organized for SSDLs to ensure adequate consistency with the
international system of measurements.

5. COMPARISONS OF THE SSDL REFERENCE INSTRUMENTATION

5.1. Postal dose intercomparisons using TLDs

Since 1980 five comparisons were performed for SSDLs using thermoluminescent dosimeters
(TLDs). Three teflon capsules (3 mm inner diameter, 20 mm inner length and 1.0 mm wall
thickness) filled with a defined quantity of lithium-fluoride powder have been sent to each participant.

SSDL TLD-COMPARISONS 1981-1989
NO. OF RESULTS (TOTAL NO.: 143)
20

MEAN DEVIATION +• 0.9 %
STANDARD DEVIATION" 2.2 %

15

10

..Illl
<;-5 - 5 - 4 - 3 - 2 - 1 0 1 2 3 4 5 > 5

DEVIATION [%]

Fig. 4. Since 1981 five comparisons were performed for SSDLs using thermoluminescent dosimeters
(TLDs). The deviations of a total of 143 measurements are varying between +10 and -5.5% with a
standard deviation of 2.2% and with a mean deviation of 0.9%.
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Fig. 5. Some important data on the SSDL activities from 1985 to 1991 are summarized. The number
of calibrations increased to a larger extent than the number of SSDL staff.

It is requested that the dosimeters are irradiated to an absorbed dose to water of 2 Gy in a ""Co beam
in a water phantom under reference conditions. The participants have to determine the prescribed
absorbed dose using their secondary standard dosimeter. The calibration irradiations are performed
at the IAEA Dosimetry Laboratory during the same time period as the irradiations at the participant
SSDLs. In each case a PSDL had also been asked to participate in the comparison in order to check
the IAEA method. The deviation of each participant

D.AEA-DP
W = _____ . 100 [%]

D.AEA

has been determined at the IAEA.

Here

Dp is the dose reported by the participant SSDL and
D1AEA the dose determined by IAEA.

A positive value thus means that the participant was actually giving a higher dose to the TLD
than stated.

The results of the comparisons are shown in Figure 4 and include a total of 143
measurements. The deviations are varying between 8.0 and -5.5 % with a standard deviation of 2.11
% and a mean deviation of 0.75 %. Seventeen of the 100 results were over 3 % deviation.
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5.2. Dose comparisons using transfer standard dosimeters

Transfer standard dosimeters have been designed for dose comparisons especially with SSDLs.
Two ionization chambers with two reading instruments are sent by the Agency to SSDLs for
irradiation to a prescribed dose in water phantom under reference conditions. The four readings (the
two ionization chambers should be used with both reading instruments) are reported to the Agency's
Dosimetry Laboratory and compared with the calibration values. The stability of the transfer standard
dosimeters can be checked by comparing the ratios of the readings.

6. ACTIVITIES OF THE SSDLs

The SSDLs have to send annual reports on their activity fulfilling report forms provided by
the Secretariat of the Network. Since 1985 a total of 337 annual reports have been received from the
SSDLs. The data have been compiled in a computer data bank. Some of the important data on the
SSDL activities in 1985-1991 are summarized in Figure 5. The number of calibrations increased by
a considerably higher rate than the number of reports received or the number of SSDL staff reported.

7. FURTHER DEVELOPMENTS AND TRENDS

Most of the TLD comparison results (83 out of 100) agree with the Agency value within ±_
3 % for the SSDLs participated. The comparisons at workshops using the IAEA transfer standard
dosimeters show even less deviations because of the smaller uncertainty of the ionometric method.
However several SSDLs never participated in comparisons. Some SSDLs are, in fact, far from being
operative. Thus the improvement of the performance of the existing SSDLs should be continued.
To this end the Network Secretariat plans to continue the intercomparison service and the assistance
in training of SSDL staff. It is expected that the membership of some non operative SSDLs will be
withdrawn while a few SSDLs will be established within some years and will be members of the
SSDL Network.

The main purpose of the SSDL Network will continue to be that of maintaining the link
between the users of radiation and the primary measurement standards to ensure dosimeter
calibrations. In addition, mainly in developing countries, the SSDL staff should also assist with
dosimetry at radiotherapy centres in their respective countries. This might include isodose measure-
ments and other clinical dosimetry. The direct assistance to the hospitals should provide quality
assurance for radiation therapy, utilizing the SSDL staff and its experience.
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REVIEW OF DOSE INTERCOMPARISON AT A REFERENCE POINT
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Abstract

Data from several outreach programs at U.T.M.D. Anderson Cancer Center in Houston, Texas, have been
reviewed as they relate to the determination of dose at a reference point for external beam dosimetry. A review of ion
chamber measurements suggests that interest in and reliance on chamber factors with clear traceability to national
(international) standards is reflected in improved accuracy of beam calibration. Beam calibrations within 3% are attainable.
Propagation of uncertainties increases the uncertainties to the S % level for both photons and electrons. Depth dose data
for a given make and model of therapy unit is very predictable, a fact that should be exploited when commissioning a unit.
The TLD data suggests that a program with feedback to resolve discrepancies can be administered to a large number of
facilities with acceptable precision, and that frequent quality audit by mailed TLD can improve dosimetry. Lastly, the
AAPM and IAEA calibration protocols produce dose calibrations that agree mostly within 1 % and at worst disagree by
1 V4%.

1. INTRODUCTION

Since the late 1960s, the Physics Department of M. D. Anderson Hospital has been active in
various outreach programs providing radiotherapy dosimetry monitoring for other institutions. One
of the most important dosimetry parameters monitored is beam output, or dose at a reference point.
The outreach programs developed include a for-fee mailed TLD service which began in the late 1960s
and the Radiological Physics Center (RFC) which began in 1968. Both of these programs continue
to the present. Two other programs of limited duration were the Center for Radiological Physics
(CRP), active from 1974 to 1986 (NCI Contract NO 1-CM-05506) and a demonstration project for
mailed TLD (USFDA Contract 23383-6002) active during 1983 and 1984.

Comprehensive results of the past 22 years of experience of the RFC have been published
recently (Hanson, 1991). This presentation will review the results of these outreach programs as they
relate to intercomparison of the radiation dose to a point. The results of ion chamber measurements
of both photons and electrons during dosimetry review visits by the RPC will be presented. The
results of mailed TLD from the 4 programs will also be discussed. Finally a comparison of the
expected differences between calibration using procedures outlined in the AAPM (1983) and the IAEA
(1987) calibration protocol will be presented.

2. DOSIMETRY REVIEW VISITS

Dosimetry measurements made during a dosimetry review visit are intended to verify the basic
radiation parameters used by the institution for each therapy unit. Criteria for acceptable practices
for determination of dose at a reference point are given in Table 1. Measurements are made with a
0.6 cc Farmer type ionization chamber, read by a Keithley model 602 electrometer, interfaced to a
digital voltmeter. The normal polarizing potential is 300 volts. The phantom used is water (30 cm
x 30 cm x 45 cm). On April 15, 1984, the RPC implemented the AAPM (1983) calibration protocol.
Prior to that the SCRAD (1971) protocol was used for photons and the ICRU #21 (1972) protocol
was used for electron beam calibration.
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Table 1: Selected RFC Criteria for Acceptable
Dosimetry Practices by a Participating Institution

Delivery of prescribed dose ±5%
Beam calibration ±3%
Chamber factor ±2%
Relative measurements ±2%

(wedge transmission, field size
dependence, depth dose data)

Mailed TLD ±5%

Calibration is determined from ionization measurements at 5 or 7cm depth in a 10 cm x 10cm
field for photon beams and at dmax for electrons with the standard cone (typically a 10 square or 15
square cone). For each electron energy, the depth of 80% and 50% is spot checked and cone ratios
are measured for a minimum of two more cones at one energy. For photons, output is measured for
field areas from 6 cm x 6 cm to 30 cm x 30 cm, wedge and tray transmission are measured at the
calibration depth and depth dose is measured at 5(7) cm, 10 cm, 15 cm, and 20 cm depth for 6 cm
x 6 cm, 10 cm x 10 cm and 20 cm x 20 cm fields.

Prior to the RFC measurements the institution is asked to verify the output of the therapy unit
so the RFC measurements can be corrected for minor deviations from the clinically used values. The
results of machine calibration for both photons and electrons is listed in Figure 1. Included are all
data measured since the RFC implemented the AAPM (1983) protocol on April 15, 1984. Many of
the institutions visited by the RFC were slower to implement the modern protocol so the mean of
1.008 for photons reflects the fact that modern protocols predict a higher absorbed dose than the older
protocols for high energy photons. The mean for electrons is nearly unity. The standard deviation
is 2% for both photons and electrons. These results are comparable to Johansson et al (1987) for
photons and better for electrons because there are few scanned electron beams in use in the U.S.
Ninety percent (90%) of all beams measured were within our 3% criterion for beam calibration.

Q.92 0.94 0.96 0.98 1.00 1.02 1.04- 1.0S 1.08
RPC / INSTiïlJTION

Fig. 1. Ratio of the absorbed dose determined by the RPC versus that stated by the institution under
standard conditions. Data are for all visits performed since the RPC converted to the AAPM (1983)
protocol. The solid bars are for photon beams and the cross hatched bars are for electron beams.
The RPC values are normalized to the institution 's calibration measurements on that day.
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Fig. 2. The percent of beam calibration (solid line) and chamber intercomparisons (dotted line) that
were within the RFC acceptance criteria plotted as a function of the data of the RFC visit. Data are
averaged over three year intervals to minimize yearly fluctuations.

Fig. 3. The number of ionization chambers assigned a cobalt 60 calibration factor annually by an
ADCL during the period from 1971 to 1990. The values plotted are a three year running average to
minimize yearly fluctuations. Data are from Rozenfeld (1990).

Figure 2 shows a marked improvement in dosimetry over the two decades that the RFC has
been performing dosimetry review visits. Plotted is the percentage of beam calibrations that were
within the RFC 3% criterion plotted versus time. The data are averaged over 3 year intervals to
minimize yearly fluctuations. In the early 1970s only 70% of the beams calibrated were within the
criterion. This improved gradually to 90% in the early 1980s. The dip near 1984 reflects the
influence of the change to the modern calibration protocol. Important in this improvement was
improvement in dosimetry and therapy equipment. Also important was increased awareness of quality
assurance. The RFC believes that they (the RFC) were influential in this increased awareness.
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The care and performance of ionization chambers, as observed by the RFC, also reflects this
increased awareness. Since the mid 1970s, the RFC has routinely performed a field intercomparison
of the cobalt-60 factors on the institution's ionization chamber during the dosimetry review. Also
plotted in Figure 2 is the percentage of dosimeter intercomparisons which showed agreement within
the RFC ±2% criterion for chamber calibration. Dosimeters agreed within 2% for only 60% of the
chambers in 1975 but agreement is near 95% today. It is obvious that the marked increase in the
reliability of the chamber factors is reflected in the improvement in beam calibration. The American
Association of Physicists in Medicine (AAPM) recognized that our National Standards Laboratory
could not provide calibration of ion chambers to all users in the U.S. In 1971 the AAPM, in
collaboration with the standards laboratory, NBS (now NIST), established a mechanism for accrediting
secondary standards laboratories. Originally 2 Accredited Dosimetry Calibration Laboratories
(ADCLS) were established. Today 5 ADCLs provide chamber calibration services for cobalt 60 and
other x-ray beam energies. Figure 3 plots the number of ionization chambers assigned a cobalt 60

Table 2: Propagation of uncertainties for photons measured since 4/15/84. The dose
measured by the RFC is compared with the dose stated by the institution for various
conditions, showing how the level of uncertainty increases. The values in parenthesis are the
percentage of beams with discrepancies exceeding the 3% or 5% level.

RPC Measured Dose/Institution's Stated Dose

N Mean Std.Dev. #>3% #>5%

Calibration Depth
10 cm x 10 cm 797 1.007 .018 59(7.4%)
6 cm x 6cm 771 1.009 .020 73(9.5%)

30 cm x 30 cm 581 1.004 .019 44(7.6%)

20 cm depth
6 cm x 6cm 562 1.009 .027 87(15.5%)

20 cm x 20 cm 553 1.005 .025 82(14.8%)

Wedge Transmission at Calibration Depth (any field size)
15° Wedge 1904 1.006 .021
60° Wedge 2801 1.003 .031

60° Wedge transmission 15 cm depth
6 cm x 6 cm 462 1.005 .033

9(1.1%)
13(1.7%)
8(1.4%)

32 (5.7%)
25 (4.5%)

94(20.3%) 28(6.1%)

Table 3: Propagation of uncertainties for electron beams. The dose measured by the RPC is
compared to that stated by the institution. Uncertainties in calibration and cone ratio and the
product are included.

Calibration

Cone ratio

Product
(calibration
x cone ratio)

RPC Measured Dose/Institution's Stated Dose

N Mean Std.Dev. #>3%

371 1.003 .022 36(9.7%)

585 0.998 .015 15(2.6%)

692 1.003 .028 102(14.7%)
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calibration factor annually by an ADCL since the ADCLs began in 1971 (Rozenfeld, 1990). The
number of chambers calibrated has increased dramatically from less than 100 per year before 1974
to 800 annually today. Although it is unclear which is the cause and which the effect, concern over
the traceability of standards and improvement in the accuracy of beam calibration are related.

Beam calibration is only the first step in the determination of dose at an arbitrary reference
point. Field size dependence, depth dose and wedge transmission, also measured during an RFC
visit, add additional uncertainty to the dose at a point. The RFC routinely combines discrepancies
searching for combinations that could result in a potential discrepancy in dose to the patient exceeding
5%. Tables 2 and 3 show the results of this propagation of uncertainty. Both tables give the mean
and standard deviation of the dose measured by the RFC to that stated by the institution under various
conditions. Also listed are the number of cases where the discrepancy exceeded the 3% or 5%
criterion.

For photons, the means are all between 1.003 and 1.009, suggesting that the deviations are
random centered near unity. The standard deviation for the calibration field (10 cm x 10 cm field)
and the other field sizes at the calibration depth (6 cm x 6 cm and 30 cm x 30 cm) are all just under
2% with only VA% of the discrepancies exceed 5%. This suggests that the addition of field size
dependence uncertainties does not add to the calibration uncertainty. The influence of uncertainties
in depth dose is most prominent for small fields and large depths so we have included data for the
6 cm x 6 cm and 20 cm x 20 cm fields at 20 cm depth. Here the standard deviation has increased
to 2l/2% and approximately 5% of the cases are outside the 5% criterion.

Wedge transmission discrepancies are the largest consistent problem seen by the RFC with
up to 17% of the 60° wedges outside the RFC ±2% criterion (Hanson, 1991). Data combining
calibration, depth dose, and wedge factor are represented by the 60° wedge for 6 cm x 6 cm field
at 15 cm depth. The standard deviation has increased to 3.3% with more than 6% outside the 5%
criterion.

For electrons, Table 3, the data for the calibration of those beams for which we measured
cone ratios yields a standard deviation of 2.2%. The cone ratios themselves have a standard deviation
of 1.5% and the combination yields 2.8% standard deviation, approximately that expected from
summing in quadrature. Note that this is different from the photon results where including field size
dependence did not increase the uncertainty.

Before we leave ion chamber measurements, I would like to comment on depth dose data.
We published (Gastorf, 1983) our results comparing photon depth dose data measured on RFC
dosimetry visits. In that paper we observed that the depth dose for a given make and model number
of therapy unit was very consistent from machine to machine. We are presently analyzing depth dose
data again and find that the results are even stronger now. Table 2 includes results comparing RFC
measured depth dose with that used by the institution. Tables 4 and 5 show data from RFC
measurements alone. Shown in Tables 4 and 5 are data for two therapy units for which we have our
measured data from many machines (more than 50 machines measured). These results are typical of
virtually every Varian, Siemens, AECL, CGR MeV, Phillips and Toshiba therapy unit that we have
measurements on. These tables list the ratio of the dose measured at depth relative to the dose
measured at 5 cm depth for 10, 15 , 20 cm depths for 6 cm x 6 cm, 10 cm x 10 cm and 20 cm x
20 cm fields. N is the number of data points. The mean and standard deviation are listed as are the
number (percent) of data points deviating by more than 2% from the mean. Also included is the
number deviating from the mean by more than 1 %. The 10 MV beam is very typical with standard
deviations of less than 1% and no single data point deviating from the mean by more than 2%.
Observing the standard deviation and the number differing by more than 1 % we see, as expected, that
the uncertainty increases with depth and is larger for the smaller field sizes where scatter is less, so
minor changes in beam energy are most evident. Table 5 shows data for a 6 MV x-ray beam where
the uncertainties are somewhat larger than that for the 10 MV beam. Several of the beams with
deviations from the mean exceeding 2% were identified as units that had a new design of magnetron
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Table 4: Depth Dose Statistics. RFC measured ratio of dose at stated depth to that at 5
cm depth for various field areas for the 10 MV x-ray beam on all Clinac 18 therapy units
measured by the RFC. The number of units for which the measured value differed from the
mean value by more than 1% or 2% are included.

Depth
6 cm x 6 cm

10cm
15cm
20cm

N

50
47
36

Mean

0.785
0.612
0.476

Std.Dev. (%]

.003 (0.4)

.004 (0.6)

.004 (0.8)

#>2% <%}

0 (0.0)
0 (0.0)
0 (0.0)

#>1% MA

1 (2.0)
5(10.6)
7(19.4)

10 cm x 10 cm
10cm 67 0.800 .003(0.3) 0(0.0) 1(1.5)
15cm 65 0.633 .003(0.5) 0(0.0) 6(9.2)
20cm 51 0.499 .004(0.7) 0(0.0) 9(17.6)

20 cm x 20 cm
10cm
15cm
20cm

59
57
41

0.816
0.660
0.531

.003 (0.4)

.003 (0.5)

.003 (0.6)

0 (0.0)
0 (0.0)
0 (0.0)

3 (5.1)
3 (5.3)
4 (9.8)

Table 5: Depth Dose Statistics. RFC measured ratio of dose at stated depth to that at 5 cm
depth for various field areas for the 6 MV x-ray beam from all Clinac 6/100 therapy units
measured by the RFC. The number of units where the measured value differed from the mean
value by more than 1 % or 2% are included.

Depth
6 cm x 6 cm

10cm
15cm
20cm

10 cm x 10 cm
10cm
15cm
20cm

N

56
52
55

60
56
58

Mean

0.749
0.554
0.409

0.771
0.584
0.439

Std.Dev. (%)

.004 (0.6)

.004 (0.9)

.005(1.2)

.004 (0.6)

.005 (0.8)

.005(1.1)

#>2% (%}

0 (0.0)
2 (3.8)
5(9.1)

1 (1.7)
3 (5.4)
5 (8.6)

#>1% (%)

6(10.7)
11 (21.2)
20 (36.4)

3 (5.0)
10(17.9)
18(31.0)

20 cm x 20 cm
10cm
15 cm
20cm

54
50
53

0.797
0.623
0.483

.003 (0.4)

.004 (0.6)

.004 (0.8)

0 (0.0)
1 (2.0)
1 0-9)

1 (1.9)
3 (6.0)
11 (20.8)

installed, which did not couple well with the wave guide, necessitating mechanical shimming and
ultimately resulting in a reduced energy of the beam. These data supplement our earlier observation
(Gastorf, 1983) and may be most important for facilities with limited resources and equipment. This
could include small facilities in developed countries as well as facilities in developing countries. Our
recommendation stands: Find depth dose data in the referred literature for the specific make and
model of therapy unit. Measure depth doses (perhaps even relative depth dose as we presented here)
for a range of depths and field sizes clinically meaningful. Compare your measured data with that
in the literature. If you agree with 2% you may use the published data. If you disagree with the
published data, suspect your measurement technique. If you find no fault with that, suspect a problem
with the operation of the therapy unit.
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3. MAILED TLD

The RFC, the CRP, the for-fee service and the demonstration project mentioned in the
introduction, all had or have a mailed TLD program. There are large numbers of institutions
involved, so the system is self contained, the TLD are inserted into the phantoms before mailing so
there is a minimum of handling by the institution. The phantoms are acrylic (PMMA). For photons,
the phantoms are just large enough to establish electronic equilibrium and are irradiated "free in air".
For electrons, measurements determined that a 9 cm cube provided adequate side scatter for beams
up to 20 MeV, the practical limit of the system. Three samples in a single phantom constitute a data
point. For photons, only the beam calibration is measured while for electrons both beam calibration
and beam energy are monitored. The details of the system have been described in detail (Kirby,
1985). All TLD standards are referenced to ion chamber measurements at depth in water.

Figure 4 shows a histogram of the ratio of the absorbed dose measured by the RFC mailed
TLD system versus the dose stated by the participating institution. The data are for both electrons
and photons measured during the same time period as that represented in Figure 1 for ion chamber
measurements. Nearly 9000 photon beams and more than 5000 electron beams are included. The
mean for both photons and electrons is 0.8% or 0.7% less for TLD than for ion chamber
measurements. This is understandable. The medium for dose specification by the RFC for ion
chamber measurements is that used by the institution (either water or muscle). However, since the
cooperative studies specify prescription in dose to muscle, the medium for our TLD dose standard
is muscle. Approximately 60% of the RFC institutions state tumor dose as absorbed dose to water
which should yield a 0.6% decrease in the mean for TLD. Also note that the standard deviation is
only 1 % greater for the TLD than for the ion chamber measurements. This is consistent with our
statistical evaluation which suggested a standard deviation of less than 1.5% for our 3 TLD sample.

Ninety five percent (95 %) of the photon beams and 92% of the electron beams are within the
±5% criterion. Any TLD with a discrepancy exceeding 5% is pursued by phone conversations,
repeat TLD, and a dosimetry review visit if the discrepancy is unresolvable. The RFC repeat TLD
every 7 to 12 months, so improvement with frequent TLD is not obvious. However the for-fee
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Fig. 4. Dose determination by TLD versus that stated by the institution for photon and electron beams.
Results are for TLD irradiated since April 15, 1984.
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Table 6: Quarterly Checks By Mailed TLD. The percentage of TLD meeting the ±5% criterion
for 3 different mailed TLD programs which utilized quarterly TLD checks.

Machines meeting ±5% Criterion

TLD Check bUCo
Number (72)*

1 90%
2 93%
3 95.6%
4 96.7%

LJnac
(88)*

82%
93%

95.2%
94.6%

Total
(160)*

86%
93%

95.4%
95.5%

*Number of machines
Combined data of 2 contracts and one for-fee-service program run by Marilyn Stovall, MDACC.

service, and the two contracts (CRP and demonstration project) discussed in the introduction, utilized
mailed TLD on a quarterly basis. Results of these 3 programs for a 12 month period in 1983 and
1984 are shown in Table 6. Tabulated are the percentage of machines that were within the ±5%
criterion for cobalt 60, linacs, and the combined total. We see that for the first TLD only 86% met
the ±5% criterion. Following phone conversations where problems with irradiation set up and so
forth were corrected the percentage approached 95% quickly. Two systematic dosimetry problems
of approximately 5 % were discovered and corrected.

4. AAPM VERSUS IAEA CALIBRATION PROTOCOL

All of the data measured in the above discussion is based on dose calculations using the
AAPM (1983) dosimetry calibration protocol. A comparison of the dose calculated by the two
protocols has been presented in detail (Tello, 1989). The results are summarized in Figures 5 and 6.

1.015

1.010

^ 1.005
\

0.1.000

0.995

0.990

Spread for 4 ion chambers
15 W 25 MV

0.55 0.6 0.65 0.7 0.75
lonization Ratio =

0.8 0.85

Fig. 5. Comparison of the absorbed dose calculated from measurement in a water phantom using the
AAPM (1983) and IAEA (1987) calibration protocols for selected photon beams. Calculations were
performed for NEL 2571, NEL 2505.3B, PTW N23333, and PTW M2333641 chambers.

128



1.005

1.000

LJ
< 0.995
\

Û. 0.990
^T
^f

0.985

0.980

I Sprwd for 4 iiion chambers

M

1

H

•

fr— 4

e^
h—**«

^

i

u.«4

"1
S

'

- ———— -
•

..-——<

y

s
^

r~7t
1' ^Predict*

10 12 14 16
E0(MeV)

18 20

Fig. 6. Comparison of the absorbed dose calculation from measurement in a water phantom using the
AAPM (1983) and IAEA (1987) calibration protocols for selected electron beams. Calculations were
performedfor NEL 2571, NEL 2505/3B, PTW N23333, and PTW M2333641 chambers.

Calculations were performed for 4 chambers, an NEL 2571 (graphite thimble) an NEL 2505/3B
(nylon thimble) and a PTW N23333 (acrylic thimble), all 0.6 cc Farmer type chambers, and a PTW
0.3 cc waterproof M2333641 chamber. For photons, the maximum difference in the two protocols
is 1 %. The spread in the results for the 4 chambers is less than 0.6% for any beam. For electrons
the dose calculated by the AAPM protocol is consistently 3/4 to 1 % lower than that calculated from
the IAEA protocol with a maximum difference of 1 1A%. The chamber influences are somewhat
larger for electrons, resulting in a spread as large as 1.2%.
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Abstract

Dosimetry intercomparisons can provide information on the uncertainties existing in radiotherapy dosimetry to compare to
accuracy requirements. Types of intercomparisons are summarised, with some discussion of the criteria for intercomparison
design and methods. The UK radiothery dosimetry intercomparison is described and its results compared to those from
other studies, both for reference point conditions and in multi-beam planned irradiations. For the reference point
comparisons in 161 MV photon beams, the mean ratio of measured to stated dose was observed to be 1.003, with a standard
deviation of 1.5%. 97% of beams lay within a ± 3% deviation. Intercomparisons are an essential part of wider
radiotherapy audit processes, which must also address more clinical sources of inconsistency.

1. INTRODUCTION

Quality assurance and quality control in radiotherapy have always been given attention.
However, there has been an increased emphasis on these in recent years [1-43]. It is well recognised
that the steepness and separation of dose-effect curves for tumour control and normal tissue
complications lead to criteria for accuracy in clinical dosimetry. Recent reviews of relevant clinical
data [3, 5] have led to recommended tolerance levels of 3% on accuracy in delivered dose, given as
one standard deviation. This is to be seen as an overall uncertainty on final delivered dose to the
patient, at the end of all steps contributing to radiotherapy dosimetry. The dosimetry chain can be
summarised as six major levels.

(a) primary dosimetry standards and the required basic physical data,

(b) dosemeter calibration, traceable to a standards laboratory,

(c) treatment beam calibration, in reference conditions,

(d) relative dosimetry in the treatment beam, referenced to calibration, to account for all possible
treatment conditions,

(e) the treatment planning process, including acquisition of patient data,

(f) the delivery of the prescribed, planned and accepted treatment to the patient under day-to-day
conditions throughout the course of the treatment.

Each possible step and the many sub-steps involved will contribute to the uncertainties [6].
In order to achieve the recommended accuracy in the overall process, the requirements on each step
must be set at suitably smaller uncertainties. Dosimetry and other protocols and quality control
programmes are needed and must be followed, to ensure consistency of dosimetry at all levels. In
the UK, for example, the IPSM (Institute of Physical Sciences in Medicine) is instrumental in setting
many standards for dosimetry [7-10] and quality assurance [11-13]. Similar recommendations are
made by other national or international bodies [14-16]. Despite standard dosimetry systems and
protocols, discrepancies can still occur due to inexact interpretation or implementation, or due to
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equipment problems or mistakes, one approach that can reveal errors and can assess dosimetric
consistency between radiotherapy centres is to carry out a dosimetry intercomparison, measuring
doses in individual centres in the same conditions using standard equipment and procedures and
comparing the results to the values stated or calculated by the centre using local methods.

Dose intercomparisons can provide quantitative information on the level of variations existing
at a particular point in the dosimetry chain, to compare to recommendations on required accuracy.
They can provide a basis for confidence that the transfer or comparison of clinical experience is
founded on consistent dosimetry, where clinical trials may be regarded as one special case of interest.
They can improve the quality of the radiotherapy process, by focusing attention on areas with
particular problems. They can provide reassurance to local staff, particularly in situations where they
may be working with minimal back-up or resources. They merge into considerations of dosimetric
audit, or wider radiotherapy quality audit, when the intercomparison is carried out independently by
external personnel or bodies, having no involvement in the provision of the local service, and where
tolerance levels are set and action required if these levels are exceeded. For example
intercomparisons have been carried out as one component of continuing quality audits of dosimetry
for patients entered into clinical trials. The most extensive of these is the long-running US
Radiological Physics Center (RFC) programme [18, 19]. The EORTC programme [4, 20-22] serves
a similar function in support of EORTC clinical trials. This presentation is intended to review some
aspects of dosimetry intercomparisons for megavoltage external beam radiotherapy and some results
of recent intercomparisons, using the UK intercomparison [23] to illustrate some salient points.

2. TYPES OF INTERCOMPARISON

Dosimetry intercomparisons can be carried out at any of the various levels in the dosimetry
chain. The nearer the end-point of dose delivery, the more contributing factors are assessed together.
Intercomparisons at different levels can give information on the cumulative uncertainties up to and
including that level. Together they can provide information on the additional uncertainties introduced
between levels. Thus at level:

(a) primary standards laboratories regularly carry out intercomparisons of their provision of
standard dosimetric quantities. Agreement has consistently been to within a few tenths of a
per cent [24].

(b) the RFC intercompares dosemeter calibrations to assess the transfer of calibration, in terms
of the standard dosimetric quantities, from standards laboratory to hospital [19]. In the IAEA
network, secondary standard dosimetry laboratories (SSDLS) participate in intercomparisons
to similarly assess consistency of calibration transfer [25].

(b)-(c) some intercomparisons have been between a few centres with particular expertise in
dosimetry, using different systems and approaches, in order to compare protocols and
dosemeters [26-28].

(c) the majority of intercomparisons have been at this level to assess the consistency of treatment
beam calibration between radiotherapy centres, being regarded as an appropriate first critical
clinical dosimetry level in the hospital. Measurements are frequently made under conditions
duplicating or approximating calibration reference conditions. These intercomparisons
essentially provide information on compliance with the protocols) used for dosemeter and
treatment beam calibration, combined with variations between protocols if more than one is
involved. Intercomparisons at this level (and at levels d) and e)) have been reviewed recently
[29, 30] and some will be discussed in Section 4.

(d) a number of intercomparisons have been designed to assess additional uncertainties in single
beams in non-reference conditions, including the presence of beam modifiers.
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(d)-(e) some of these have extended the complexity to involve tests of treatment planning systems and
algorithms in non-standard situations [31], but still dealing with physical aspects of clinical
dosimetry in single beams.

(e) several intercomparisons have attempted to assess the overall uncertainties close to the end
of the dosimetry chain, including some of the contributions from the treatment planning
process, measurements in a multi-beam planned irradiation have been carried out and
compared to calculated doses provided by the local centre, based on the local beam data and
treatment planning system. Some of the phantoms used are anatomical, representing a
particular treatment situation [21, 32-34], while some are geometric, but involving a number
of characteristics of clinical significance [23, 35].

(f) none of the above include any uncertainty contributions from day-to-day treatment delivery,
due to patient variations or movements, or to set-up or treatment machine variations day-to-
day over a number of fractions. In-vivo dosimetry intercomparisons would be required to
give information at the ultimate end point of true patient dose delivery. Some such studies
have been carried out within an individual centre [36]. These provide valuable information
at this level, but are essentially part of an individual centre's quality assurance programme,
rather than a true clinical intercomparison, which would involve different centres.

3. INTERCOMPARISON DESIGN AND METHODS

The aims and purpose of any planned intercomparison must be carefully assessed before
selection of type and particular design. Intercomparison at a number of levels provides more
information, but requires greater effort. It is important to test dosimetry consistency at critical points
in the chain, but levels can be chosen which test combined uncertainties from a number of factors,
in order to achieve effective use of time and resources. If problems are then observed in an
individual centre, either the centre can investigate the cause, or repeated or more detailed follow-up
intercomparison measurements can be made. Different criteria may apply for quality audit studies,
for example to ensure compliance with clinical trial requirements, where more detailed checks and
measurements may be justified.

The details of intercomparison design may need to be tailored somewhat to the level of
sophistication of equipment or dosimetry procedures in the centres to be included, as well as to the
overall aim of the intercomparison. If the study is to assess deviations with good precision, to
provide accurate information on uncertainties at various levels of the dosimetry chain, then a high
precision measurement method is required, on the other hand, if a general assessment of consistency
within some broader tolerance level is being investigated, then precision requirements may not be as
stringent. Any tolerance levels set must take into account the uncertainties in the intercomparison
measurement method. Intercomparison dosimetry has been via both mailed dosemeters, including
ferrous sulphate ampoules [37] and alanine dosemeters [38], but generally by TLD [19, 25, 39], and
also by visits to each centre using ionisation chambers [40, 41, 20, 32, 23]. Mailed TLD suffers
from limited precision and implementation problems, when compared to intercomparison personnel
carrying out measurements with ion chambers. However mailing is much cheaper and enables larger
numbers of centres, with a wide geographic distribution, to be tested in a given time and with fewer
personnel.

It is advisable to separate assessment of the physical aspects of clinical dosimetry from the
'clinical' aspects, although the lines between the two are of necessity not well-defined. However as
a first stage, it is necessary to ensure consistency on the basic 'dosimetric infra-structure' of a
radiotherapy centre, common to all treatments (level (c)). As intercomparisons become more
sophisticated, further factors in the dosimetry chain can be included. If too many factors are included
initially, it can be difficult to assess the source of any discrepancy observed. Some intercomparisons
using anatomical phantoms, and allowing freedom of choice of clinical parameters in irradiations
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simulating a clinical situation, have reported marked deviations due to the different clinical approaches
used by particular centres [21, 32]. Differences due to definition of volumes, choice of treatment
technique, approaches to dose prescription and in fractionation schedules [42], etc., can produce wide
variations in overall clinical dosimetry. Full clinical intercomparisons may best be carried out in
combination with particular clinical trials and specific sites, whilst also conducting parallel related
quality audits of techniques, prescription, planning, etc. At the least, they should only be carried out
as an end stage, following appropriate intercomparison assessment of earlier levels in the dosimetry
chain.

The UK dosimetry intercomparison [23], carried out under the auspices of the IPSM, selected
two points in the chain to be investigated; i) up to and including treatment beam calibration (level (c))
and ii) up to and including the physical aspects of planned multi-beam irradiations (level (e) , but
excluding clinical or patient-related aspects). The approach separated out the predominantly physical
aspects of the radiotherapy process. A geometric phantom was designed and built [43] which is
relatively simple in shape and set-up, but enables the contribution of a range of factors to be tested
(Figure 1) . Dose measurements at 5 cm deep can be made, in reference conditions, together with

(a)

10 20 cm

(b)

«X

Fig. 1. Sections through the water-equivalent phantom; dimension perpendicular to the plane is
25 cm; x = measurement point.

a) orientation for reference point measurements.
b) orientation for 3-fleld measurements; target volume (- - -) and interchangeable

insert ('"") delineated.
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checks on field size variations. In addition 3-field irradiations can be investigated, including the
effects of different depths, off-axis position, use of wedges, obliquity corrections and inhomogeneity
corrections. The phantom is constructed from epoxy-resin water-equivalent plastic and has
interchangeable inserts of the same material in predetermined positions, which can be replaced with
a rod machined to take a Fanner ionisation chamber. A larger 8 cm diameter lung-equivalent plastic
insert could replace the standard plastic to introduce an inhomogeneity.

The phantom and a full set of equipment was taken to every radiotherapy centre in the UK.
Reference point measurements were carried out on all (161) megavoltage photon beams and compared
to local stated values. Each of the two 3-field planned irradiations, with no inhomogeneity and with
the lung equivalent inhomogeneity included, were made on one treatment unit per centre (64) and
measurements compared to calculated values based on local beam data and treatment planning system.
The field arrangement was specified by the intercomparison protocol, but field sizes, wedges and
beam weights were chosen locally to give a uniform dose distribution to an 8 x 8 x 8 cm3 volume.
Random uncertainties (1 s.d.) on the measurements were estimated to be 0.6% for Co-60 beams and
0.9% for X-ray beams. Discrepancies of 5% or more between measured and stated doses were
followed up by asking the participating centre to investigate the cause. Full details of the phantom
and the organisation and methods of the intercomparison are given in reference 23.

4. INTERCOMPARISON RESULTS

The number of intercomparisons is steadily growing. The RFC experience has been reviewed
recently [19] as has that of the EORTC [4] and IAEA [25] programmes. Wider reviews of
intercomparison and audit results have been presented by Johansson [29] and Thwaites and Williams
[30]. From the 1960s to the present day there have been 20-30 separate studies in Europe alone,
carried out in particular regions, countries or groups of countries, some linked to particular clinical
trials [44, 45]. Some limited results are presented here with the UK results, to put the latter in
context.

4.1. Reference Point

Figure 2 shows the ratio of measured to stated values for the reference point intercomparisons
in the UK for 161 MV photon beams. The average ratio was 1.003, with a standard deviation of
0.015. 61 beams were from Co-60 units and the rest were X-ray beams from 4-25 MV. No
significant differences were observed between the two groups. All the measurements lay within ±
4% of unity, except for two beams. One of these moves within 4% when the daily output calibration
factor is taken into account. The second involved an error in Co-60 calibration (of 25%) which led
to an official investigation [46] and action and has been widely-publicised. The ensuing consequences
meant that full results were not returned from this hospital and so it has been excluded from the
analysis. The results are compared to those from some other recent studies in Table I. Some of these
(e.g. EORTC) are linked to clinical trials and only include participating centres, which may lead to
the expectation of lower variations. However, such international comparisons include centres which
may follow a number of different dosimetry protocols and procedures. Although the UK study
involved all centres in the country, all those centres follow the same dosimetry system, traceable to
the NPL, using a single design of transfer instrument (NE 2561) and protocols allowing only one type
of calibration chamber for photons and single correction factors for each quality. This gives little
flexibility in basic dosimetry, but less scope for error in selection of factors, in order to ensure
consistency.

It may be noted that EORTC and RFC both specify acceptance levels for reference point
measurements to be within ± 3% of stated values, for compliance with trial requirements. In this
study 157/162 (97%) of MV photon beams in the UK lay within that level.
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Fig. 2. Results for the reference point measurements, showing the distribution of the ratio of the
measured dose to the calculated dose.

TABLE I

Summary of results (ratios of measured to stated doses) of
recent photon dosimetry intercomparisons in reference conditions

Reference Region/Study No Ave s.d. range

Johansson et al
(1982) [41]

Johansson et al
(1986)
(EORTC) [20]

Wittkämper et al
(1987) [32]

Hanson et al
(1991) [19]

This work

ScandinaviaCo-60
X-rays
Europe
Co-60
X-rays
Netherlands
Co-60
X-rays
International
(mainly US)
Co-60 and
X-rays
UK
Co-60
X-rays

22
50

59
16

11
40

1.001
1.017

1.001
1.024

0.994
1.008

0.014
0.023

0.019
0.033

0.006
0.020

0.05
0.10

0.10
0.14

0.02
0.10

740 1.008 0.019 0.14

61 1.002 0.014 0.08
100 1.003 0.015 0.10
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Fig, 3. Results for the dose distribution in a homogeneous phantom, showing the variation in
the average measured to calculated dose ratio for the five points studied.

TABLE II

Summary of results (ratios of measured to calculated doses at
centre of target volume) of dosimetry intercomparisons in multi-
beam situations

Reference

Worsnop (1968)
[48]
Johansson (1987)
[33]

Johansson et al
(1987) (EORTC)
[21]

Region/
Study

US
1968
Sweden
1984

Europe
1982-1986

Site

lung

bladder

tonsil

No mean s.d.

16 - 0.069

15 1.002 0.031

19 1.035 0.032

Wittkämper et al
(1987) [32]
SSRBMP (1984)
[49]
Present work

Netherlands
1985
Switzerland
1984
UK

prostate

lung

3-field
(homogeneous)
(with lung
inhomogeneity)

18 1.015 0.015

13 1.005 0.062

62 1.008 0.027

62 1.011 0.034
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In the UK study three areas were noted which could benefit from increased attention. These
were: i) definitive beam calibrations should have independent checks, IPSM advice has been
formulated on this [47]; ii) particular care is required in determining dose in small field sizes; and
iii) careful implementation of dosimetry protocols and practices are required in all beams available
in a centre. Reviewing similar observations from other intercomparisons also points to: protocol
differences and protocol interpretation; chamber calibration; recombination corrections, particularly
for electron beams; phantom material use; barometer accuracy; Co-60 timer errors and accelerator
monitor stability.

4.2. Planned Dose Distributions

Figure 3 shows the measured to calculated dose ratios, averaged over the five points in the
planned 3-field distribution in the homogeneous water-equivalent situation. The results for the
irradiation including the lung-equivalent insert are not very different, except for a single wider
outlying point. Full results are presented in reference 23. The mean deviations from unity are
approximately 1 %, the standard deviations of the distributions of ratios are approximately 3%. The
measurements at the central points are not significantly different to those at the peripheral points. It
is more difficult to compare directly the UK study, deliberately based on a simple geometric phantom,
to other intercomparisons in anatomical phantoms in a variety of simulated sites. However
comparison of results at the central points is appropriate (Table II). The results from most of the
studies are broadly similar.

In terms of criteria laid down for trial intercomparisons, or wider recommendations an
accuracy, discrepancies of 5% or greater from unity were observed in 15% of centres in the UK
study, with 89 % of the measured distributions being within 5 %. It must be emphasised that variations
observed include no contributions from patient related factors or day-today treatment variations. In
general, discussion with those centres outside 5% produced reasons for the deviations, leading to
improvements in practice. Particular areas noted which would benefit from increased attention
include: a requirement to establish comprehensive quality assurance programmes on all stages of the
radiotherapy process, with built-in second checking where necessary; a requirement for appropriate
quality control programmes on treatment equipment; the precision and stability of data for beam
modifiers, particularly wedges; the need for quality control of computer-stored data; the potential
limitations of treatment planning systems; the applicability and use of various inhomogeneity
corrections; and the need for vigilance on all aspects, as a number of small errors can sum to give
rise to significant discrepancies.

5. CONCLUSIONS

Dosimetry intercomparisons are shown to be effective, improving the quality of radiotherapy
dosimetry by picking up problems and providing firm quantitative information on the present
consistency of dosimetry. Intercomparisons form an essential part of wider radiotherapy audit
processes. Improvements with time are observed following repeated intercomparisons, indicating the
desirability of repeated studies. Careful organisation and consistency in personnel, equipment and
methods are required, leading to resource requirements, for regular intercomparisons to continue to
be effective. Co-operation between intercomparisons is necessary to prevent duplication of effort.
Individual centres should be encouraged to participate in such exercises. However, participation in
intercomparisons can never be seen as a substitute for adequate local quality assurance and quality
control programmes. The practical situation in the UK has been shown to be generally good for MV
photon beams, but leaving no room for complacency in radiotherapy dosimetry. Other possible
investigations are indicated. For overall accuracy requirements to be met on the whole radiotherapy
process, wider consistency considerations need to be addressed, including specifically clinical
approaches, terminology and methods. Intercomparisons have a significant role in aiding the
realisation of the overlying aim of all quality-related efforts in radiotherapy, i.e. to help each centre
to achieve the achievable, improving overall quality to the highest possible level within available
resources.
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ABSORBED DOSE INTERCOMPARISON IN SWEDEN
Radiation treatment units and absorbed dose specification in an anatomical phantom

A. THILANDER, K.A. JOHANSSON
Department of Radiation Physics,
University of Göteborg,
Sahlgren Hospital,
Göteborg, Sweden

Abstract

The aim of this dosimeuy audit was to determine the variation of the absorbed dose given to the irradiated patient by the
different Swedish centres and to analyse the sources of error. An intercomparison of calibration factors of reference
ionization chambers and a study of the beam uniformity were also performed. All 16 Swedish radiotherapy centres were
visited. The absorbed dose determination was based on ionization chamber dosimctry, and the procedures recommended
by the Nordic Association of Clinical Physics (NACP). The ratios of determined over stated absorbed dose at reference
depth in water trend towards uniformity for *°CO gamma beams, and .even for the megavoltage X-ray and electron beams.
The reduction in variance over the last three decades is probably caused by a number of factors. One factor was an uniform
dosimctry procedure, another factor is more stable accelerators. We have also found that the beam unsymmctry increases
with increasing beam energy for megavoltage X-ray beams. There was in the average no significant difference between
the symmetry obtained in electron and photon beams. In each centre our anatomical phantom, of the type Alderson Kando,
was treated with one fraction for a bladder tumour. One frontal, one lateral and several transversal CT-sliccs through the
pelvic region, were together with one frontal and one lateral radiograph seat to the centre some weeks before the visit. The
bladder and some anatomical structures were marked in the slices, and each centre had to define the target volume(s) they
wanted to treat. The centre was recommended to use their ordinary treatment technique, planning procedure, and absorbed
dose specification method used for this type of bladder tumour. The centre was also supposed to calculate the absorbed
dose distributions, and also to state the absorbed dose in at least seven specific points. The absorbed doses in 61 points
were determined using one ionization chamber in the central part of the bladder and TL-dosimctcrs inside and outside the
bladder. In a point close to isocentre inside the phantom the absorbed dose was computed and delivered with a small
uncertainty. When the different methods of dose specification were taken into consideration the dose delivered varies more.
A systematic difference of 7.7 per cent was obtained between two methods of dose specifications, in the centre of the target
(ICRUmcthod) relative to the dose at the periphery of the targct.

Key-words: Dosimetry intercomparison, dosimetry audit, ionization chamber, beam symmetry, anatomical phantom.

1. INTRODUCTION

The absorbed dose to the patient will be different from intended caused by errors in e.g. the
determination of the absorbed dose for the reference condition, the calculation of the absorbed dose
distribution, the set-up of the patient, the stability of the treatment units. The difference is either in
a randomised or in a systematic way depending on the type of error. These errors thus confusing
interpretation of treatment results within the centre, or transfer to other centres when the centre
participants in a multicentre trial, different methods of dose spécification and repotting may also
contribute to variation. Au independent review of the whole dosimetric chain may reduce some of
these errors mentioned above. The reason is that repetition of existing flaws and shortcomings in the
dosimetric chain could be examined (1). This type of independent review is called dosimetry audit.

The aims of this dosimetry audit were to determine the variation of the absorbed dose given
to the irradiated patient by the different Swedish centres and to analyse the sources of error.
Therefore the absorbed dose both in water and in an anatomical phantom was determined, and the
impact of the different methods used for absorbed dose specification was investigated. A study of
the beam uniformity and intercomparison of calibration factors of reference ionization chambers was
also performed. All 16 Swedish radiotherapy centres were visited 1983 to 1984. The same
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measuring instruments and methods were used by the visiting team at all centres. The comparison
was made between values stated by the centre and those determined by us. No distinction has been
made if the stated values were based on measurements, calculations, adopted published data, or data
stated by the manufacturer.

Similar investigations have been performed earlier both in Sweden (2,3) and in other countries
(4,5). Already 1926 Sievert (6) performed a comparison in Sweden, where he compared the
erythema dose for radiation therapy, using an ionization chamber calibrated in R-units. However,
only a few dosimetric investigations have been performed in anatomical phantoms (4,7). It has been
shown in the United States that repeated dosimetry audits have reduced the variation of the absorbed
dose stated by the different centres (8).

In all dosimetric intercomparisons or audits the investigator will introduce errors of type A
(random) and type B (systematic) in all measurements or checks. These introduced errors will be
estimated and reported in order to compare results obtained in other similar dosimetry audits.

2. MATERIALS AND METHODS

2.1. Intercomparison of reference chambers

The reliability of absorbed dose determination depends on the reliabilty of the calibration
factor of the ionization chamber and electrometer used. Our reference ionization chamber was a
Nuclear Enterprises (N.B.) chamber of type 2571, with graphite wall connected to a homemade
electrometer. This ionization chamber was calibrated at the Swedish Radiation Protection Institute
(SSI) in a *°Co gamma beam. Air kerma calibration factor was obtained, and the absorbed dose to
air calibration factor, ND, was derived following the Nordic Association of Clinical Physics (NACP)
procedure (9). The response of this chamber was regularly checked with constancy measurements
in a reproducible geometry of a '"Co gamma beam and also in a '"Sr check-source. Over a period
of about 1.5 year, one relative standard deviation of the constancy measurements in the cobalt beam
and in the strontium beam was 0.21 per cent and 0.18 per cent respectively. From our check
measurements can be concluded that the chamber was reliable and generally stable over a long period
of time. The reference chambers of the visited centres were all calibrated at the Swedish Radiation
Protection Institute. We performed intercomparison of ionization chambers at eleven centres. Ten
centres used different types of Nuclear Enterprises chambers all with a volume of 0.6 cm3 and one
centre used a homemade chamber. This intercomparison was not performed at the first five centres
visited.

Our reference chamber and the reference chamber of the visited centre were compared by
sequential irradiation of the two chambers. The measurements were performed in a water phantom,
using the same material surrounding the chambers. The determined air kerma was compared by the
air kerma determined by the centre. Care was taken to minimize effects of air pressure, temperature,
timer and monitor uncertainties etc. For most of the centres the intercomparison was performed in
a wCo gamma beam. In one centre, however, the comparison was performed in a megavoltage X-ray
beam, since this centre had no cobalt unit.

2.2. Absorbed dose determination in specific points in water

Our absorbed dose determination was based on ionization chamber dosimetry. The procedure
recommended by NACP was followed and the reading obtained in all accelerator beams was corrected
for loss of ions, caused by recombination following the two voltage procedure given by Boag (10).
The N.B. ionization chamber was used in photon beams, and a NACP plane parallel chamber (11)
was used for measurements in electron beams. The NACP chamber was calibrated in water in a high
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energy electron beam against the N.B. chamber following the NACP calibration procedure. The
NACP chamber was also checked regularly relative to our N.E. chamber in the *°Co beams. The
ratios obtained vary with one relative standard deviation of 0.45 per cent. The variation was mainly
caused by a none reproducible procedure of changing chambers in the water phantom.

The determined absorbed dose to water was compared with the absorbed dose stated by the
centre for exactly the same conditions, see Table 1. The stated absorbed dose should be the value used
for the treatment of the patients, obtained using the routine method for computation of absorbed dose
in a specific point. An intercomparison was also performed when the stated value was corrected with
the value obtained with the regularly check method (called corrected value) used by the centre.

Uncertainty of the absorbed dose determination caused by the set-up of the measuring
equipment at the therapy unit and by the measuring equipment itself was determined by repeated
measurements in one ^Co gamma beam to be about 0.5 per cent (1 S.D.). The total uncertainty,
including calibration factor and interaction coefficients, for the determined absorbed dose was,
unfortunately, larger and in the order of a few per cent depending on the beam quality.

Table!
Combinations of field sizes, depths, off-axis position and beam modifiers reviewed.

Beam
quality

Photon

Electron

Field
(anxcm)

6x6
10x10
20x20
10x10
10x10
20x12
20x12

10x10
20x20

Depth«1

(cm)

ref.
réf.
ref.
réf.
ref.
8
8

EW
Dmax

Off-axis
position

(cm)
0
0
0
0
0
0
6

0
0

Beam
modifier

0
0
0

Wedge filter
Shadow filter

0
0

0
0

1) Ref. depth: 5 cm for 6°Co and 4 - 10 MV
10 cm for > 10 MV

2.3. Beam symmetry

In order to characterize the absorbed dose distribution perpendicular to the beam axis one film
was irradiated in water at the reference depths given by NACP for megavoltage X-ray and electron
beams. The field size was 20 cm x 20 cm at the surface of the phantom. Film density profiles were
obtained along the major beam axis. The symmetry, ratio of values symmetrical to the major beam
axis, of the beam according to IEC (12) was then derived from the profiles at equidistance of 5 cm
from the beam central axis. The flatness and the penumbra had, however, not been derived, since
the film method is not accurate enough, for determination of these parameters particularly in photon
beams (13).
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2.4. Absorbed dose determination in an anatomical phantom

In each centre, our anatomical phantom of the type Alderson Rando was treated with one
fraction for a bladder tumour, classified as T2 Nx M0 with multiple tumours in the bladder, without
perivecical extension of tumour. One frontal, one lateral and several transversal CT-slices through
the pelvic region, were together with one frontal, and one lateral radiograph sent to the centre some
weeks before the visit. In Figure 1 is shown the transversal slice through the centre of the bladder.
The positions of the dosimeters are marked in the slice. The bladder and some structures were also
marked in the slices, and each centre had to define the target volume(s) they wanted to treat. Most
of the centres made a CT examination of the phantom for planning purpose. They performed the
treatment planning first at their treatment planning system and then at the simulator. The centre was
recommended to use their ordinary treatment technique, planning procedure, and absorbed dose
specification method used for this type of bladder tumour. The centres were also supposed to
calculate the absorbed dose distributions, and also to state the absorbed dose in at least seven specific
points. The centres were recommended to use an uniform density of 1.0 g/cm3 and not to perform
corrections for the variation of densities in the phantom neither for bone structures nor for air cavities
in the phantom. The absorbed doses in 61 points were determined using one ionization chamber in
the central part of the bladder and TL-dosimeters inside and outside the bladder. The TL-dosimeters
were individually calibrated at each beam quality. The uncertainty relative to the NACP protocol of
the ionometric dosimetry and of the TL-dosimetry was estimated to be about 1 per cent (1 S.D.), and
about 2.5 per cent respectively. The treatment was performed once and the prescribed dose was 60
Gy to the bladder, for practical reasons the given absorbed dose for all beams was reduced by a factor
of 20, so the absorbed dose to the bladder was 3 Gy.

Fig. 1. A transversal slice through the centre of the bladder (marked with dashed line) of the Alderson
Rando phantom (slice 17:1). The position of the ionization chamber is marked with a cross and the
six TL-dosimeters position with open circles (A-F).

3. RESULTS AND DISCUSSION

3.1. Reference chambers

The uncertainty of the absorbed dose determination is among many factors dependent on the
uncertainty of the calibration factor of the ionization chamber and electrometer used. In Figure 2 is
shown the results obtained of the intercomparison of the reference ionization chambers with, one
relative standard deviation of 0.7 per cent, and maximum discrepancy of 1.3 per cent. These results
create opportunities for an accurate absorbed dose determination. It can also be concluded that the
uncertainty in the Nk calibration factor seems to be small. This intercomparison demonstrated the
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assignment of an appropriate chamber factor, proper use of the instrument and, good long term
stability of instruments. The variation of the intercomparison was somewhat smaller than reported
by other similar investigations (14,15). The intercomparison of chambers in water without using
build-up cap can introduce a small uncertainty, since the material surrounding the ionization chamber
in the water phantom and the commonly used build-up cap could differ.

10

a
£ 5

r
0.96 1.00 1.04

Determined/stated

Fig. 2. Frequency distribution of the intercomparison of the reference ionization chambers, n=ll,
x=0.999, a=0.007 and A=0.023.

Table 2
Specific points for absorbed dose determination in water for different field size and
beam modifier. Number of beams, n, mean value, x, standard deviation , a, and,
range, A, are given for the ratio of determined over stated absorbed doses.

Field size
(cmxan)

Beam
modifier

Measuring
point

n X a A

aOCo y-beams, 12 units
10x10
10x10
20x12

open
wedge
open

ref.point
ref.point
off.axis

All combinations of beams

12
12
12
79

0.998
1.001
1.004
0.999

0.014
0.031
0.034
0.022

0.046
0.114
0.104
0.115

X-ray beams, 27 accelerators
10x10
10x10
10x10
20x12

open
open

wedge
open

ref.point
ref.point, corr.

ref.point
off .axis

All combinations of beams

29
24
24
27
184

1.002
1.003
1.004
1.004
1.004

0.019
0.017
0.019
0.026
0.020

0.080
0.083
0.055
0.100
0.110

Electron beams, 14 accelerators
10x10
10x10

All
All

open
open
open
open

Dmax
Dmax'corr

E^lOMeV
Enom>10MeV

67
41
68
56

0.995
0.989
0.992
0.997

0.015
0.018
0.018
0.017

0.073
0.097
0.085
0.068
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3.2. Absorbed dose in specific points in water

The results obtained of the ratios of determined over stated absorbed doses in specific points
in water are presented in Table 2. The disthbution of the ratios for wCo gamma beams is shown in
Figure 3. The distribution is gaussian so it can be well represented by a mean and a standard
deviation value. Good agreement with small variation was obtained. For megavoltage X-ray and
electron beams similar distributions are shown in Figure 4 and 5 respectively. The variation for these
qualities is somewhat larger than for cobalt. One reason could be the uncertainties in the
determination of interaction coefficients, which varies with the beam quality. Another reason could
be the instabilities of the dosemonitors of the accelerators. In Table 2 is also shown that the variation
(1 S.D.) was reduced from 1.9 per cent to 1.7 per cent for megavoltage X-ray beams, when
correction for the dosemonitor instability was performed. However, similar reduction of the variation
could not be demonstrated for electron beams.

The results obtained were analysed according to the different combinations. The variation
is somewhat larger particularly for ""Co gamma beams with wedge filters than for open beams. This
is in agreement with other investigations (5,16), and is probably caused by mechanical inaccuracy in
the position of the wedge filter. This is one of the serious discrepancies obtained in this audit. The
intercomparison was also performed in one off-axis point, and the variation in the distribution is much
larger than for corresponding central axis points. This is mainly caused by variation of flatness or
symmetry in the beam, and by incomplete orientation of the beams in the treatment planning
computer. Another explanation to the large variation is the use of semiconductor of n-type without
metal shield for measurements of dose distribution. This type of semiconductor could introduce
uncertainties particularly for ""Co gamma beams with large field sizes. The deviation is caused by
the energy dependence of the diod and the large amount of scattered low energy photons in the beam.
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Fig. 3. Frequency distribution of the ratios of determined over stated absorbed dose in specific points
in water for 79 ^Co-gamma beams. The lined bars represent square field sizes and the opened bars
represent beams with modifiers and rectangular field sizes.
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Fig. 4. Frequency distribution of the ratios of determined over stated absorbed dose in specific points
in water for 184 megavoltage X-ray beams. The lined bars represent square field sizes and opened
bars represent beams with modifiers and rectangular field sizes.
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Fig. 5. Frequency distribution of the ratios of determined over stated absorbed dose in depth of dose
maximum for electron beams. The lined bars represent beams with E^ < 10 MeV and the opened
bars represent beams with Emm > 10 MeV.
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Tables
Dosimetry audits in Sweden in a historical perspective. Per cent of the beams (10
on x 10 cm, reference depth) within ± 3 per cent of the determined over stated
absorbed doses.

Beam quality
Year
1968

1979 - 80
1983 - 84

Investigator
Svensson

Johansson et al.
present invest.

60Co
100
100
100

X-rays
54
82
97

Electrons
50
75
97

Three different dosimetry audits have been performed in Sweden by Svensson 1968 (2),
Johansson et al. 1979-1980 (3) and the present investigation, 1983-1984. In Table 3 is shown the
results obtained from these three audits. For ^Co gamma beams the results obtained by Svensson
were excellent with small variation. A continuous trend towards uniformity is evident particularly
for megavoltage X-ray and electron beams. The reduction in variance is probably caused by many
factors. One important factor is the introduction of the NACP dosimetry protocols (9,17) another
factor is more stable accelerators. Subsequent dosimetry audits may also promote to the uniformity.
Similar conclusion has been drawn of the impact of dosimetry review visits (5) in other countries.

For the absorbed dose determination in megavoltage X-ray and electron beams the situation
in Sweden is comparable to that in other countries (3,4,5).

1.00 1.04 1.08
Symmetry (max/min)

Fig. 6. Frequency distribution of the symmetry in photon beams at an off-axis distance of 5 cm at the
major axes. Beam bending system: linear accelerator 0'(opened bars), 9ff (filled bars), 270' (lined
bars, small), microtron, (lined bars, broad), and betatron (dotted bars).
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Fig. 7. Frequency distribution of the symmetry in electron beams at an off-axis distance of 5 cm at
the major axes. Beam bending system: linear accelerator 90" (filled bars), 270' (linear bars, small),
microtron (lined bars, broad), and betatron (dotted bars).

Table 4
The average value and one standard deviation of the beam symmetry for
megavoltage X-ray beams at different beam qualities. The beam symmetry is
determined for both major axes at the reference depth.

Beam
quality

4-6 MV
4-6 MV
8-12 MV

15-25 MV
40-45MV

Beam
bending

straight on
90° or 2700
90o or 270°
90° or 270°
betatron

Number of
beams

14
18
41
56
4

Mean symmetry
and 1 S.D.

1.008 ± 0.009
1.014 ± 0.013
1.021 ±0.019
1.023 ±0.023
1.026 ±0.017

3.3. Beam symmetry

The determined symmetry for megavoltage X-ray and electron beams are given in Figures 6
and 7 respectively. Most of the beams have acceptable dose distribution perpendicular to the beam
central axis. However, some of the betatron beams have an unsymmetry worse than the limits
recommended by IEC (12), which are 1.03 and 1.06 for photon and electron beams respectively.
The results have been further analyzed for megavoltage X-ray beams with the quality of 4-6 MV.
In Table 4 is combined the beam symmetry results obtained in this investigation and in the
investigation performed by Johansson (13) and Johansson et al. (16).
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Accelerators (4-6 MV) without beam bending system have a significant better beam symmetry
in both major axes than other accelerators. The reason is probably that variation in intrinsic beam
energy, angular etc will only have marginal effect on the relative dose distribution perpendicular to
the central axis for these accelerators. Furthermore an increased unsymmetry with increasing photon
beam energy is shown in Table 4. One reason could be the pronounced forward direction of the
photon beam and the peaked shape of the flattening filter for high energy beams. A limited change
in the beam direction towards the flattening filter can then cause a significant change in the dose
distribution for the highest beam energies. For all types of accelerators there is in the average no
significant difference between the symmetry obtained in electron and photon beams. This result
indicates that the acceptability for symmetry could be of the same order for both photon and electron
beams. This is in contrary to the limits given by the IEC (12). Another conclusion is that the
frequency for regular check measurements of the symmetry can be different for the different
accelerators. As an example the accelerators without beam bending system could be checked with
a lower frequency than for other accelerators. The inverse conclusion can be drawn for electron
beams from betatrons, and for other high energy accelerators (>20MeV) where the frequency of
checks should be high.
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0 3 6 9 12 15 18 21 24 * 102

Volume (cm3)

Fig. 8. Frequency distribution of the treatment volume. Two centres (lined and dotted bars) used two
different target volumes, where the smaller volumes are target 1 (primary tumour).

3.4. Absorbed dose determination in an anatomical phantom

Three different treatment techniques were mainly used. The most common is the
box-technique. Only two centres used a reduced beam technique (boost). The target volumes and
treatment volumes differ considerably between the centres, see Figure 8. Large differences in the field
size were present. However, almost similar treatment volume was given by the university hospitals.

The determined absorbed dose in the different points was analysed in different ways:

(a) The determined (ionization chamber) over the stated absorbed doses in one point in the centre
of the tumour close to isocentre.

(b) The determined (ionization chamber + TL-dosimeters) over stated absorbed doses for the
points inside the bladder, positioned in the central slice.
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(c) The determined (ionization chamber and TL-dosimeters) over prescribed absorbed doses for
all points it the bladder volume.

(d) The determined (ionization chamber and TL-dosimeters) over prescribed absorbed doses for
the points inside the bladder, positioned in the central slice. The obtained frequency
distributions for these four groups are presented in Figure 9-12, respectively. None of these
points analysed above are in large dose gradients.

In a point close to isocentre the absorbed dose is computed and delivered with a small
uncertainty. One relative standard deviation is 3.1 % and the largest deviation from unity is 6 %.
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0.92 0.96 1.00 1.04 1.08
Abs. dose determined/Abs. dose stated

Fig. 9. Frequency distribution of the ratios of determined over stated absorbed dose in the centre of
the bladder determined with ionization chamber (n=16, x-1.004, a=0.031, and A=0.11).
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Fig. 10. Frequency distribution of the ratios of determined over stated absorbed doses for the points
(1 i.e. and 4 TLD) inside the bladder, positioned in the central slice (n = 79, x=1.001, a=0.036, and
A=0.173).
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0.88 0.92 0.96 1.00 1.04 1.08 1.12 1.16
Abs. dose determined / Abs. dose prescribed

Fig. 11. Frequency distribution of the ratios of determined over prescribed absorbed dose for all
points (1 i.e. and 9 TLD) in the bladder. The ratios are divided into two groups according to
absorbed dose specification method: a) mean absorbed dose and one point in the intersection of the
beams (opened bars), and b) minimum absorbed dose and an isodose surrounding the target volume
(lined bars). Total n=J58, x=1.016, 0=0.053, and A=0.243.
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Abs. Dose determined / Abs. dose prescribed

Fig. 12. Frequency distribution of the ratios of determined over prescribed absorbed dose for the
points (1 i.e. and 4 TLD) inside the bladder, positioned in the centre slice. The ratios are divided
into two groups according to absorbed dose specification method: a) mean absorbed dose and one
point in the intersection of the beams (opened bars), n=49,x= 0.987, a=0.035, and A=0.160), and
b) minimum absorbed dose and an isodose surrounding the target volume (lined bars (n=30,
x=1.064, a=0.045, and A=0.137).
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In Figure 10 is shown that the distribution is somewhat broader when the results of 5 measuring
points in the central slice is presented (1 S.D. = 3.6 %). This is consistent with the increased spread
for off-axis points in the water measurements, see Table 2. The ratio determined over stated absorbed
doses in the whole bladder volume could not be evaluated, since the dose distribution in off-axis
planes were not presented by all centres.

When the different methods of absorbed dose specification (prescription) are taken into
consideration the dose delivered varies more than given above. Five centres prescribe the absorbed
dose in the intersection of the beams, 5 centres as the mean absorbed dose inside the target area in
the central slice, and 6 centres specify the minimum absorbed dose or an isodose line in the periphery
of the target area in the central slice. In Table 6 is shown the variation in the prescribed absorbed
dose. These variations in prescribed absorbed dose are taken into account when the determined over
prescribed absorbed doses are presented in Figure 11 and 12. The variation increases then

Tables
Relative standard deviation in per cent of some of the steps in the dosimetry chain for megavoltage x-rays.
Estimated and experimentally determined uncertainties given by others are included.

Investigator
Johansson Brahme Wittkämper This

étal. étal. investigation investigation
(13) (1) (4)
S.D. S.D. S.D. S.D.

Airkenna
Uncertainties of calibration factor

Reference conditions in water
Uncertainties of stated absorbed doses

In isocentre (anatomical phantom or patient)
Uncertainties of delivered absorbed dose
excluding the variation of prescribed doses

In isocentre (anatomical phantom or patient)
Variation of prescribed doses

In isocentre (anatomical phantom or patient)
Uncertainties of stated and variation in
prescribed absorbed doses

In target volume
Uncertainties of delivered dose distribution
excluding the variation of prescribed dose

1.3

3.1

5.6

3.3

4.3

2.0

1.5

6.0

0.7

1.9

3.1

2.7

5.1

3.6

Table6
Different methods for absorbed dose specification given different mean
absorbed dose in the unrinary bladder.

Dose specification
Point in centre

Mean absorbed dose
Isodose surrounding target

Fixed isodose relative centre

n
5
5
4
2

Dy/Gy
2.96
2.99
3.17
3.14

1 S.D./Gy
0.035
0.138
0.037
-
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considerably. As expected the centres prescribing the minimum absorbed dose or isodose line have
all ratios larger than 1. The first two methods of absorbed dose specification have been grouped
together (10 centres), since for this type of treatment there is only a small difference in the absorbed
dose given to the patient. The last two methods were also grouped together (6 centres). There is on
the average a difference between these two groups of 7.7 per cent, see Figure 11 and 12. As expected
the minimum absorbed dose was 60 Gy (equal to 1.00 in these figures) for the second group.

For the points positioned in large absorbed dose gradient the results were analyzed in a
different way in order to estimate the uncertainty of positioning the phantom, beam alignment, and
absorbed dose calculation in the penumbra region. The position of the points was shifted in order
to obtain a good agreement between the determined and stated absorbed doses. This technique can
be used when the absorbed dose gradient is much larger than the uncertainty in the determined
absorbed dose value. In Figure 13 is shown the distribution of the geometric deviations.

The variation of the ratios of the absorbed dose determined by us and the absorbed dose stated
in the ionization chamber point (Figure 9) are 3.1 per cent (1 S.D.) and 4.0 per cent (1 S.D.) for all
points in the bladder. If the determined absorbed dose is compared with the prescribed absorbed dose
the variation increases considerably as expected, since the variation in the absorbed dose distribution
also will be included.

4 6 8
Deviation (mm)

10 12

Fig. 13. Frequency distribution of the geometrical deviation in the penumbra region of the measuring
points to a point of the absorbed dose distribution with identical absorbed dose. The geometrical
deviation is divided into two groups according to dose specification method; a) mean absorbed dose
and on point in the intersection of the beams (lined bars) and b) minimum absorbed dose and an
isodose surrounding the target volume (open bars).

3.5. Chain of uncertainties

In Table 5 are the uncertainties of some of the steps in the dosimetry chain summarized.
Estimation and experimentally determined uncertainties given by others are presented in the same
table. In the experimental results are rarely uncertainties of physical constants and interaction
coefficients included. However, the uncertainties introduced by the investigator is included in the
uncertainties and may partly compensate each other. With this assumption it can be concluded that
there is an acceptable agreement for most of the results with two exceptions. Wittkämper et al. (4)
have determined a very low variation in absorbed dose specification point inside a prostate tumour.
The uncertainty estimated by Brahme et al. (1) for an arbitrary point in the target volume seems to
overestimate the uncertainties of the absorbed dose.

156



The uncertainties of the intentionally delivered absorbed dose in specific points are a few per cent.
The variation of the dose in the same points caused by different methods of absorbed dose
prescription is larger than the uncertainty of dosimetry, computation and delivery of the absorbed
dose. This demonstrates that the reporting of the delivered absorbed doses should be consistent and
in agreement with the ICRU report 29 (18).

4. CONCLUSION

The reference ionization chamber at the different hospitals is calibrated in a proper and uniform way
with only small variations in the air kerma calibration factor. The variation of absorbed dose for
reference condition in water is small for all beam qualities. For wedge filters and off-axis points the
spread increases. Compared with previous dosimetry audits performed in Sweden the last 20 years
a reduction of dosimetric uncertainty was found particularly for megavoltage X-ray and electron
beams.

We have found that the beam unsymmetry increases with increasing beam quality for
megavoltage X-ray beams. There is on the average no significant difference between the symmetry
obtained in electron and photon beams. This result is in contrary with the recommendations from
IEC.

The absorbed dose to the tumour has only an acceptable accuracy. It is the different methods
for specification of the absorbed dose that causes the major discrepancies in absorbed dose to the
patient (isocentre) between the different hospitals.

If all the hospitals were divided into two absorbed dose specification groups the average
difference between them would be 7.7 per cent. This should be accounted for if the hospitals are
participating in trials.
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Abstract

A general and consistent method is presented for photon beams in order to derive the absorbed dose in clinical conditions
from that measured in reference conditions, according to the modem protocols i.e. in water at 5 or 10 cm depth. It is based
on use of output factors (measured in water at reference depth), peak scatter factors and tissue phantom ratios. When
shielding blocks are used a correction factor may be necessary in order to take into account the change in primary photon
fluence.

1. INTRODUCTION

The maximum accuracy in absorbed dose measurement is achieved at depths larger than the
maximum range of secondary electrons. At depths equal or slightly higher than the depth of the
maximum dose, the risk of contamination by high energy electrons set in motion in the machine head
or in the air cannot be neglected, leading to a larger uncertainty in the beam quality and to large dose
variation depending upon the geometrical set-up.

For the reasons given above, when the depth dose curves from different radiation beams of
the same quality are normalized at the reference depth (5cm or 10cm), they show a good agreement
for depths larger than the reference depth and larger discrepancies at smaller depths.

2. PROPOSED METHODOLOGY

It is proposed to measure the output factor FZR at the reference depth ZR as a function of the
collimator size c measured at the reference source distance dR and normalized to the reference field
size CR

F ZR( C ) = D f zp , c ,
DR (zR ,cR ,dR ) 0)

where DR (zR,cR,d,J is the absorbed dose in water per monitor unit in reference conditions as
recommended by the published protocols and in particular by the international protocol (IAEA, 1987).

FZR includes the dose variation due to the variations of the primary photon fluence as well
as the variation in photon attenuation and scattering at depth ZR in water because of the variation of
the irradiated volume with field size.
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As a result the output factor FZR varies more rapidly with collimator size than the output
factor FZ,,, measured at the depth zm. of the maximum dose as proposed usually. The dose at the depth
of interest ZT is expressed as the tissue-phantom ratio

Tp(Z T ,C T ) = D(z T / C T ,d r )

D(z R / c T ,d T )

where dT is the distance from the point P of interest to the source and CT is the field size at the
distance dT.

When dT is different from dR, the collimator size c'T measured by the section of the beam at
the distance dR differs from the field size CT at the distance dT.

c'T = CT x d^ ^
dT

and the output factor to be considered is F^ (c'T).
In order to separate the components proportional to the primary photon fluence from those depending
on the water scattering, the quantity D"* has been introduced. D^ is the absorbed dose per monitor
unit to water in air, in quasi electronic equilibrium conditions, it is an intermediate quantity, useful
for the rational of the present algorithm but which has not to be measured.

It can be calculated from the measured reference dose per monitor unit DR

Dair(cR,dR) = DR(zR /cR /dR) Tp.XZHc
BS(CR)

, Bc(C R ) = D ( Z ^ n , C T > , * ,..,where bv K/ — ~ (5)
Dair(cR,dR)

is known as the backscatter or peak scatter factor. ZM is the depth of maximum dose for the minimum
field size at the largest distance used in practice as proposed by Kahn (1984). In a similar way the
dose at point P is calculated as follows

DP(zT,cT,dT) = Dair(cT,dT) x Bs(cT) x Tp(2T rcT)
(6)

Tp(2 ln0,CT)

Assuming Fair(c) = Dair(cfdKJ. is the output factor in
Dair(cR,dR)

air taking into account the variation of the fluence of primary photons with the collimator size c, and
remembering that a field size CT at the source distance dT corresponds to the collimator size c'T at the
distance dR. (Fig. 1.)

Dair(cT,dT) = Dair(cR,dR) x F'
i

l i r(c'r) xf^T
UJ

(7)

* and F^ are related by the following equation (Fig. 2).
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Fa i r(c'T) '= F2R(c'T) x
TP(zn0,cR) (8)

Substituting P* and D^CR^R) in equation 7 by their values (equations 4 and 8) and combining with
equation 6, the final equation is obtained :

Dp(zT,cT,dT) = D R (z R / c R / d R )

Tp(zT ,cT x kT(c 'T)

Ï
ldjHx F z R(c 'T) x &* ( CT ) x TP f z^n , c ' T ̂
[dj B s(c 'T) Tp(z f f i0,cT) (9)

In this equation DR and F^ are measured at the reference depth ZR> the tissue phantom ratios TP are
the basic data of the treatment unit measured for the beams under consideration and normalized to
the dose at the reference depth ZR. A correction factor kT (c'T) has been introduced to take into
account the attenuation of the photon beam by any accessory such as, wedge filter, compensating
filter, shadow-tray, etc .... kT is measured at the reference depth and reference distance for the field
size under consideration.

The validity of the measurements of Bs factors for the highest photon energies is controversial
due to the attenuation of primary photons and to the scattered photons in the build up cap when
measuring D**. Dair may be replaced by any quantity proportional to the fluence of the primary
photons in the geometrical conditions of interest. The dose D(CQ) measured at the depth z^ in a small
phantom of section c0 x CQ could be used, provided the field sizes used in practice are never smaller
than CQ.

.OPEN FIELDS.

air air

• .

\
Dair(c:,d ) Dair(
/ \ f

dp
L d r J

2

•
cT'dl) Dm^2iV3.cT'dT5

\ f \

B s (c T ) Tm(zT,c

*

Dp(zT,cT,dT )
_y*

Tp(z7;cT)
' TVCzm,,^

Fig. L Diagram illustrating the different steps followed in the algorithm. The quantity EPr has been
introduced to follow the rational of the algorithm but does not need to be measured.
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Fig. 2. Variation of collimator factors in water at reference depth (F&); at depth of maximum dose
Fm and in air F0'for a 4MV X-ray beam (ORION) as a function of collimator apperture. c represents
the side of square field at dK.

The errors made by using a small phantom lead to an underestimation of B^ the higher the
beam energy, the larger the underestimation. However, whatever be the error on D*" it has only a
minor effect on the relative variation of Bs, since Bs appears only as a ratio of two Bs values, close
to 1 and the influence of any systematic error on D^ is minimized. Some Bs values are proposed in
Figure 3.

2.1. Blocked fields

In blocked fields, the contribution of scattered photons to the dose at any point is decreased
because of the reduced scattering volume. The algorithm (9) has to be slightly modified, based on
the two following assumptions :

- The output factor in air depends only on the collimator and not on the irradiated volume.
- The scattering component and therefore the dose in tissues (TP and Bs) depend only on the

irradiated volume and not on the collimator size.
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Fig. 3. Variation of the peak scatter factor Bs as a function of the quality index I for different field
sizes. The curves have been established from published Bs values (Bridier and Dutreix. 1993).

The field size defined by the shielding blocks at the distance dT of the point P of interest is
noted c,. c, may be the equivalent square field of the irradiated field. If the computer has a software
for the dose calculation of irregular fields, TP(c,) and Bs(c,) may be calculated directly by the
computer without calculating any equivalent square field.
The algorithm for blocked fields is:

DP(zT,cT,dT) = DR(zR /cR ,dR) x
2
X FZ R(C'T) X X

BS(C'T)

Tp(zJa0/CI)

X TP(2T/C1) X kT(C'T) X
(10)

where kF is a correcting factor taking into account the influence of the shielding blocks on the primary
photon fluence.

For X ray qualities lower than 15 MV kp does not differ from 1 by more than 1 % and can
be neglected.
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Fig. 4. Correction factor kF, as afimction of block distance from isocenter x;for equal distances x
the correction factor for two symmetrical blocks is equal to the square of that for each individual
block.

At higher energies, the use of shielding blocks results in a dose decrease due to a partial loss
of the photon scatter set in motion in the flattening filter, the collimator jaws and the air and to an
additional dose due to photons scattered by the blocks, forwards the phantom material (Van Dam and
coll, 1992). The factor kF is negligible when the distance from the shadow of the block to the beam
axis at the distance dT of interest is larger than 5 cm. The correction increases (kF decreases) when
the distance to the beam axis decreases. The higher the quality index of the beam (the ratio D20/D10)
and the larger the field size, the larger the decrease in the output. As a first approximation kp =
7T k,, where k,, is the correction factor for one individual block. Figures 4 and 5 show examples of
correction factors relative to different linacs and Cobalt units.

The method presented here is described in details in two papers by Bridier and Dutreix (1993)
and Van Dam et al. (1992). This method has been extended to asymétrie fields (Marinello et al.
1992).
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Abstract

Detailed measurements of collimator factor have been performed for '"CO, 6 MV and 18 MV photon beams. The
measurements have shown dependence of collimator factor on the depth in a water phantom for all studied beams. A simple
formula has been developed for calculation of collimator factors. On the base of recommended absorbed dose measurements
in a reference point an improved model is proposed for calculation of absorbed dose at any point in a water phantom. The
model was successfully tested for all three beams.

1. INTRODUCTION

Dosimetric parameters essential for treatment planning like build-up characteristics, percentage
depth doses, tissue maximum ratios, scatter maximum ratios, collimator factors, attenuation through
different wedges etc, for X-ray as well as for electron beams had to be measured and estimated
individually for each beam and each type of the accelerator. Published data in the literature [1-4] for
the beam characteristics of various high-energy linear accelerators has brought out major qualitative
differences among them.

The demands of a busy clinic require that basic machine calculation be performed as
accurately, rapidly and simply as possible. Therefore it is very useful to find out empirical or semi-
empirical formulas for quick calculation of dosimetric parameters. In the case of treatment planning
system (TPS) the user is requested to introduce data in certain manner and a computer performs an
absorbed dose calculation at any point according to the certain algorithm. Most of the algorithms
used in TPS's are still based on the concepts developed twenty years ago and do not comply with the
new requirements on absorbed dose measurements. The new approaches to the calculation of
absorbed dose have been reported recently [5,6]. The collimator factor belongs to the basic
parameters of therapy beam and is used for calculation of absorbed dose in all concepts but there are
still a few points which require discussion.

The purpose of the current work is to show the influence of the depth of measurement on the
magnitude of collimator factor, to present empirical formulas for easy calculation of collimator factor
and to give a modified concept for absorbed dose calculation at any point of water phantom based on
the measurements of absorbed performed in a reference point according to recommended procedures
m.
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2. THEORY

2.1. Conventional concept

In order to get a simple formula for dose or dose rate calculation in the reference point of any
photon beam produced by a specified radiotherapy machine a concept of D.^ has been introduced
(Fig. 1) [8]. This concept is based on the idea of separating the primary and secondary contributions
to the absorbed dose in the reference point of the water phantom.

D« = Dprim + D«,

The primary contribution Dprim is supposed to be formed by the interactions of photons coming from
the source itself and its collimation system. Dprim depends directly on the technical parameters of the
machine and can be individual at least for each type of machine. The secondary contribution D.«
represents the contribution of radiation scattered from the irradiated phantom to the point of interest.
D«,. can be considered as independent (under certain conditions) on actual machine technical feature
and is determined only by the irradiated volume of water and by the position of the point of interest
inside the water phantom.

In Cobalt beams D,^ can be easily measured as D^ - dose in a small amount of water under
the condition of quasi electron equilibrium and free air geometry.

Such a D.^ concept for Cobalt machines has been built on three experimentally determined
characteristics:

(a) Da;, (d„c„) measured under the reference conditions - at the reference distance d, and with
collimator setting to give the square field side c„ at the distance dr.

(b) Collimator factor

°alr(d^rt)

'-"̂  '- .w<^>
which is the ratio of dose values measured at any constant distance (in practice usually at the

distance dj for the required collimator setting crt and reference setting c„.

(c) Distance factor

, , , „ „ , Dair«VCrr)
Fda(dr'dt) = ————— - ———— ; ——— (2)

Dair(dr'Crr)

which is the ratio of dose values measured for any constant collimator setting (in practice for
the reference setting) and at the required distance o\ and the reference distance d,.

It has been experimentally confirmed that the mutual correlation of collimator and distance
dependencies is very weak and can be neglected.

Then the value of dose in the point Pt lying at the distance dt and the depth zt in water
phantom on the collimated beam axis with the square field side q at the same distance is

Dwt(dt'ct<zt) - D
air(dr'Crr)-Fda( <V'd

t) - Fca < Crr ' <>t ) - (3)

where Ta(ct,z,) is tissue air ratio (TAR) for gamma *°Co, depth z^ and square side c^.
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This formula is quite general in its nature as no special restrictive presumptions have been used
for its derivation. It can be further modified to allow using relative depth dose values R(f,cm, z,)
instead of TAR. Then for the required f = SSD

Dwt( ft'Ct'Zt) = Dair(dr'Crr) • Fda«*r'f+ZJ - F
ca(Crr'CrJ •

(4)
. B(cn) . R(f /C |a,z t),

where 8(0 is backscatter factor for *°Co gama rays and entry square field of side c,,,.

It should be born in mind that the two versions of D^ concept presented above include some
geometric calculations . It has been found that collimator factor is in fact a dependence of D^ on the
collimation angle alpha which can be taken as a really independent variable. This can't be said about
the square side c which depends not only on this angle but also on the distance at which it is
measured. That's why c is indexed and values crt> cm, ct refer to the same collimation angle.
Relation between c and alpha can be derived on geometrical bases for both plane and spherical
collimation systems.

The most important objection against still well working D^ concept, especially if it is to be
extended for higher energy photon beam, is that it needs in air measurements which are not any more
recommended by present radiation dosimetry protocols for many reasons. That is why attempts were
made to deal with in phantom measurements. If in air values are completely excluded the concept
looses its generality as it is impossible to separate primary and secondary components of the absorbed
dose.

The concept Dm takes the reference dose Dr(dr,cmzJ measured in the water phantom which
is at the distance SSD = d, - zm irradiated by the photon beam with collimation set to give square side
c„ at the depth of maximum zm (Fig. 2). Then the value of dose in the same point but at the depth
z, and in the beam of width crt is

D t(d r,c r t,z t) = D^c^c^zj . FOT(cri:,crt) . Vc^zj (5)

where

is the collimator factor measured at the depth zm in the phantom for the constant source distance d,..
Tm(c«,zu is tissue maximum ratio (TMR) for the field width crt and the depth z^.

If the relative depth dose values are to be used instead of TMR then the reference dose is
measured at the depth of maximum zro in the phantom with SSD = f and for square field side c„ at
the depth zm. Then the dose in the target point Pt which is at the depth zt in the phantom with the
same SSD irradiated by the beam of the width cm at the depth zm is

t) = Dnn(f 'Crr'ZJ • F^rr'0™) • R(f>C
m<^ (7)

where

_
~

is the collimator factor measured in the phantom at the depth zm for the specified SSD = f.
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Fig. 3. Comparison ofisocentric (ISO) and source-skin distance (SSD) techniques.

When comparing Dair and Dm concepts (Fig. 3) we can see, that Dm is much less general:

(Dm,TMR) can be used for only one specified distance of the point of interest from the
radiation source and it means that this concept is for ISO techniques only.

(Dm,RDD) can be used for only one specified SSD and therefore is intended for SSD
techniques only.

Experimentally determined characteristics D^d^c^zJ and Dm(f,crr,zJ can't be transferred
from one concept to another as usually it is not true that SSD = d, - zm. It means that for one
isocentric machine with two standard SSD values, the first in isocentrum, the second an arbitrary one,
three reference dose values and three collimation factors must be measured.

2.2. New concept

A new concept has been proposed by Bridier and Dutreix [9], the aim of which is two-fold:
(a) To achieve the same degree of generality as D^ concept has done.
(b) To comply with the recommendation of the latest dosimetry protocols requiring dose

measurement at the reference depth.

To achieve the first aim, D^ is used again but this time as a virtual quantity only the
measurement of which is not necessary.
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Then:
D t(d t,c t,z t) = D r(d r /c r r ,z r) . Fca(crr/crt) . Fda(dr,dt)

B(c t ) . Tn(c t /z t)

So we have got the value of dose in target point P, under the condition dl; c,, zt from the reference
dose DT in the reference point Pr measured under the reference (recommended) conditions d,, cr zt.
No restriction has been introduced for the transfer from the reference point to the target point or for
reference and target conditions. The problem remains in fact that the transfer is realized by the
dependence measured in air or at the depth of maximum in water phantom.

Bridier and Dutreix [9] have showed that collimator and distance factors can be substituted
by the dependence measured under the recommended conditions as well as the reference dose. It
means that the factors measured in air can be expressed by the factors measured in the phantom at
reference depth.

,Fca(Crr'Crt) =
Dair(dr/Crr)

Dm(dr'Crr'Zr) T ,n(Crt>Zr) rt (10)

T
m(Crr'Zr> B(Crr)

= Fcr<Crr'Crt) • ——————————————————————
Tm(Crt,Zr) B(Crt)

Dair(d t /cr t)

r r
Tm(c t /z r} B(c t)

If we introduce (10) and (11) into (9) we get

D t(d t ,c t /z t) = D r(d r /c r r /z r r) . Fcr(crr /cr t) . Fdr(d r /d t)

ÖD
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Dr(dr,crr,zr) Dt(dt,crr,zr) D t(d t,c t,zr)

Pdr(dr,dt) FCr(crr'ct) VCt'Zt>

Dt(dt,ct,zt) = Dr(dr /crr /zr).Fcr(crr ,c t).Fdr(dr ,d t).Tp(c t fz t)

Fig. 4. Dr, TPR concept of absorbed dose calculation.



It means that it was created a general formula for the calculation of dose in the target point
from the value of reference dose and this transfer is performed by experimental
collimator and distance factors measured under the recommended conditions.

What remains is just the last term containing non-coherent TMR. It is interesting to
investigate whether also the term LT can be expressed by coherent quantities. Let us try to extend
Bridier's and Dutreix' [9] idea a bit further, if possible.

Let us introduce:
D t(d,c,z)

T p(c,z) =
p D t(d,c,z r)

, „ me ^As Tm(c t /z t) = ————————- and Tm(c t,z r) =

D t(d r /C t ,Z t) Dm(dr,Ct,Zj D t(dr ,C t ,Z t)
LT = ————————————————— —————————————— = ———————————————

Dt(dr'Ct'Zm> Dn,(dr'Crt'Zr) D t(dr,C t,Zr)

(16)
= T_(c t ,z t)

and then

D t(d t /c t /z t) = D r(d r /c r r / zr) . Fcr(c;r/crt) . Fdr(d r /d t) (17)

• Vct'zt)

See Fig.4

Having measured all necessary experimental data we can use the last formula for
calculation of Dt for any d^ c,, and z,:

FCTtransfers collimator factor
Fdr transfers distance factor
Tp transfers tissue phantom ratio.

3. EXPERIMENTAL

3.1. Sources and measuring instruments

All measurements and estimations of parameters necessary for absorbed dose calculation
Dt have been performed for three different qualities of photon beams. Three different therapy
machines have been used: ^Co (E^ = 1.25 MeV) produced by CHISOBALT treatment unit,
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Fig. 6. Collimator factors for ^Co photon beam for different depths in water phantom.
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photon beam with Ex = 6MV produced by linac CGR MeV ORION 6 (OR6) and photon beam
with Ex = 18 MV generated by CGR MeV SATURNE 43 linac( SAT18). Al! measurements were
performed in water phantom RFA 7 with ionization chamber NE 2571 or NE 2581 connected to
IONEX DOSEMASTER. Reference depths zr were chosen according to IAEA Tech. Rep. No
277 [7] : 5cm for ""Co and OR6 and 10cm for SAT 43. The charges collected for a fixed number
of monitor units in the case of linacs or for a fixed time in the case of wCo were converted into
dose in water according to the recommendations of the international dosimetry protocol [7]. The
repeatability of measurements has been checked by at least two measurements for each set of
geometrical parameters and was better then 0.8%.

3.2. Collimator factor ¥„

Collimator factors for all three therapy beams were estimated for different field sizes c,
in several different depths z, in water, but only for the reference distances dr = 75 cm for ^Co,
100 cm for OR6 and SAT 43. Collimator factors were measured for both square and rectangular
fields because a noticeable collimator symmetry effect has been observed for high energy photon
beam (see Fig.5). All measurements have been normalized to the standard field size of 10 x 10
cm2. Dependence of collimator factor on field size q for different depth z^ in water is
demonstrated in Fig. 6 for '"Co and in Fig.7 for OR6. The dependence of collimator factor on
square field size measured under recommended reference conditions for all three beams is
presented in Fig.8. The curves were obtained by fitting the experimental data to a formula given
also in Fig. 8. The coefficient A and B for three studied qualities of photon beams are given in
Tab.I.

3.3. Tissue phantom ratio

The tissue phantom ratio was estimated for several depths z^ and for several field sizes c
(including reference field size c„) by measuring absorbed doses Dt (dr>c,z,) in depth Zt and Dr
(dr,c,z,.) in reference depth zr. The values of Tp(c,z) have been calculated from measurements for
all three photon beams using a polymon fitting procedure. The results for OR6 and SAT43 are
presented in Tab.II and Tab. HI. The values for '"Co have been found to be in a very good
agreement with the data published by Johns and Cunningham [10] and therefore they are not
presented here.

TAB.l
FCXR CALCULATION OF

CO:LI_,I:MATO:R. FACTOR Fcr

Fcr = A - (A-l) * exp(B*(C_„-10))eq

reference
depth
cm

5

5

10

source

60CO

OR6

S ATI 8

parameters
A

1.1311

1.1173

1.1988

B

-0.1192

-0.0938

-0.0811

178



TAB.2:
TISSUE IPHANTOM RATIO FOR.

SQUARE EIEILEDS

OR6 6 MV X rays Reference depth = 5 cm

depth
(cm)

1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0

10.0

11.0
12.0
13.0
14.0
15.0
16.0
17.0
18.0
19.0
20.0

21.0
22.0
23.0
24.0
25.0
26.0
27.0
28.0
29.0
30.0

ceqv (cm)

4

1.048
1.096
1.077
1.038
1.000
0.950
0.914
0.879
0.845
0.811

0.779
0.747
0.717
0.687
0.658
0.630
0.603
0.577
0.552
0.528

0.504
0.482
0.460
0.439
0.419
0.400
0.382
0.365
0.349
0.333

6

1.046
1.084
1.068
1.035
1.000
0.951
0.918
0.885
0.853
0.822

0.791
0.761
0.732
0.704
0.676
0.649
0.622
0.597
0.572
0.547

0.524
0.501
0.479
0.457
0.437
0.417
0.397
0.379
0.361
0.344

8

1.030
1.076
1.062
1.032
1.000
0.954
0.923
0.892
0.862
0.832

0.803
0.775
0.747
0.719
0.692
0.666
0.640
0.615
0.590
0.566

0.543
0.520
0.497
0.475
0.454
0.433
0.413
0.393
0.374
0.355

10

1.031
1.071
1.057
1.030
1.000
0.957
0.927
0.898
0.869
0.841

0.813
0.786
0.759
0.732
0.706
0.681
0.655
0.631
0.606
0.583

0.559
0.536
0.514
0.492
0.470
0.449
0.428
0.408
0.388
0.369

12

1.029
1.068
1.054
1.028
1.000
0.959
0.931
0.903
0.875
0.848

0.821
0.795
0.769
0.743
0.718
0.693
0.668
0.644
0.620
0.596

0.573
0.550
0.528
0.506
0.484
0.463
0.442
0.421
0.401
0.381

15
/

1.032
1.065
1.051
1.028
1.000
0.962
0.936
0.909
0.883
0.857

0.831
0.806
0.781
0.756
0.732
0.707
0.683
0.660
0.636
0.613

0.591
0.568
0.546
0.524
0.502
0.481
0.460
0.439
0.419
0.399

20

1.037
1.062
1.047
1.025
1.000
0.966
0.942
0.917
0.892
0.868

0\844
0.820
0.797
0.773
0.750
0.727
0.704
0.681
0.659
0.636

0.614
0.592
0.570
0.549
0.527
0.506
0.485
0.464
0.444
0.423

25

1.041
1.059
1.045
1.023
1.000
0.969
0.945
0.922
0.899
0.876

0.853
0.830
0.807
0.785
0.762
0.740
0.718
0.696
0.674
0.653

0.631
0.610
0.589
0.567
0.547
0.526
0.505
0.485
O.464
0.444

30

1.041
1.055
1.042
1.022
1.000
0.970
0.948
0.925
0.903
0.881

0.859
0.837
0.815
0.794
0.794
0.750
0.729
0.708
0.686
0.665

0.644
0.623
0.602
0.582
0.561
0.541
0.520
0.500
0.479
0.459

35

1.039
1.051
1.040
1.021
1.000
0.971
0.950
0.928
0.907
0.885

0.864
0.843
0.822
0.801
0.779
0.758
0.738
0.717
0.696
0.675

0.655
0.634
0.613
0.593
0.572
0.552
0.532
0.512
0.491
0.471

40

1.038
1.049
1.040
1.020
1.000
0.972
0.951
0.930
0.909
0.889

0.868
0.847
0.826
0.806
0.785
0.764
0.744
0.723
0.703
0.683

0.662
0.642
0.622
0.602
0.582
0.562
0.542
0.522
0.502
0.482

3.4. Absorbed dose measurements

Absorbed doses have been measured for different field sizes and different depths in water
for the standard SSD or SAD for all three photon qualities first of all from the point of view to
check the agreement between calculated dose by the algorithm used in Target and secondly to
check a new formalism. The agreement between doses calculated on the base of Dm concept used
in Target and measured doses were within +-5% for higher energy photon beams and better for
'"Co beams. Whatever the photon beam quality be considered, the ratio of the measured dose to
the calculated dose according to equation (17) is very close to one. There were only some
preliminary measurements performed for all three photon beam qualities to study the distance
dependence.
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TAB. 3:
TISSUE ï>HA.2STTO3yi

SQUAJRE FIELDS

FCXR.

SAT 43 18 MV X rays Reference depth = 10 cm

depth
(cm)

1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0

10.0

11.0
12.0
13.0
14.0
15.0
16.0
17.0
13.0
19.0
20.0

21.0
22.0
23.0
24.0
25.0
26.0
27.0
28.0
29.0
30.0

i
ceqv <cm)

4

0.785
1.070
1.178
1.174
1.155
1.122
1.090
1.058
1.027
1.000

0.968
0.940
0.912
0.885
0.859
0.833
0.809
0.785
0.762
0.739

0.718
0.697
0.677
0.658
0.639
0.622
0.605
0.589
0.573
0.559

6

0.773
0.968
1.130
1.144
1.140
1.110
1.081
1.053
1.025
1.000

0.971
0.944
0.919
0.894
0.869
0.845
0.822
0.799
0.777
0.755

0.734
0.714
0.694
0.675
0.656
0.638
0.620
0.603
0.586
0.570

8

0.785
0.964
1.128
1.142
1.136
1.108
1.080
1.053
1.026
1.000

0.975
0.950
0.925
0.901
0.878
0.854
0.832
0.810
0.788
0.767

0.746
0.726
0.707
0.688
0.669
0.651
0.633
0.616
0.599
0.583

10

0.793
0.946
1.116
1.130
1.117
1.091
1.066
1.041
1.016
1.000

0.968
0.945
0.921
0.899
0.876
0.854
0.832
0.811
0.790
0.769

0.749
0.729
0.709
0.690
0.671
0.652
0.634
0.616
0.599
0.582

12

0.813
0.956
1.118
1.130
1.117
1.092
1.068
1.044
1.020
1.000

0.973
0.950
0.927
0.905
0.883
0.861
0.840
0.819
0.798
0.778

0.757
0.738
0.718
0.699
0.681
0.662
0.644
0.627
0.609
0.592

15

0.844
0.990
1.121
1.128
1.114
1.090
1.066
1.043
1.020
1.000

0.975
0.953
0.931
0.909
0.888
0.867
0.846
0.826
0.806
0.786

0.766
0.747
0.728
0.709
0.691
0.673
0.655
0.638
0.621
0.604

20

0.890
1.018
1-.121
1.124
1.108
1.085
1.062
1.040
1.018
1.000

0.975
0.954
0.933
0.912
0.891
0.871
0.851
0.832
0.812
0.793

0.774
0.756
0..737
0.719
0.701
0.684
0.667
0.650
0.633
0.616

25

0.931
1.036
1.123
1.118
1.102
1.080
1.059
1.037
1.016
1.000

0.975
0.954
0.934
0.914
0.894
0.874
0.855
0.836
0.817
0.798

0.780
0.762
0.744
0.726
0.709
0.691
0.674
0.658
0.641
0.625

30

0.965
1.052
1.124
1.116
1.100
1.079
1.058
1.037
1.016
1.000

0.976
0.956
0.936
0.917
0.897
0.873
0.860
0.841
0.823
0.805

0,787
0.769
0.751
0.734
0.717
0.701
0.684
0.668
0.652
0.636

35

0.990
1.065
1.124
1.115
1.099
1.073
1.053
1.033
1.013
1.000

0.978
0.959
0.940
0.921
0.902
0.884
0.865
0.847
0.829
0.811

0.794
0.776
0.759
0.742
0.725
0.709
0.692
0.676
0.660
0.644

40

0.998
1.070
1.121
1.114
1.093
1.074
1.054
1.035
1.016
1.000

0.978
0.959
0.941
0.924
0.905
0.885
0.867
0.849
0.832
0.814

0.796
0.779
0.761
0.744
0.727
0.710
0.693
0.676
0.660
0.643

4. DISCUSSION

Most treatment planning systems at the present time are still using calculation of absorbed
dose according to Dm concept i.e. using equation (5). Therefore it is necessary to measure
absorbed dose at the dose maximum and the collimator factors at the same depth. These
measurements have represented no problem for œCo and OR6 photon beams, where there is no
change of dose maximum with the field size. Depth dose measurements for X-ray beam of SAT18
have revealed the dependence of dose maximum on the field size. This dependence can be
generally expressed by equation: z,^ = 3j - a,. Ce<)t where C^ is equivalent field size in [cm]
calculated according to equation C«, = 4A/P, where À=area and P = the field perimeter. Due to
this fact it is therefore difficult to measure collimator factor at the dose maxima for high energy
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photon beams. The next problem is connected with a noticeable collimator symmetry effect i.e.
the collimator factor for rectangular field depends on the position of collimator jaws.
Measurements have disclosed that if the upper jaws define the large dimension (Y) of the
rectangular field, the equivalent square method can be used to predict the collimator factor for
rectangular and square fields (see Fig.5 and 8). Using weighted least square method the measured
data for collimator factor in water were fitted to the equation:

FCT = A - (A-l)*EXP(B*(Ceq-10)) (18)

with the coefficient of multiple correlation r= 0.998. Coefficient for A and B for studied beams
measured at the reference depths are given in Tab.I. Using this equation the collimator factor for
rectangular and square fields can be calculated with the uncertainty better then - + 1 % if the
larger dimension of rectangular field is set on the upper jaws.

The proposed formalism of dose calculation is applicable in practice whatever be the
technique of the treatment used: fixed skin source-distance (SSD) or isocentric (SAD). Its use
requires only a minimum set of data independent on the treatment technique under consideration.
If the last formula (17) is valid than it would be possible to accept the following practice:

(a) The reference dose under the reference condition is measured according to the protocol [7].
One value for one set of conditions is enough.

(b) Collimator factor FCT is measured for various square field sides c. The dependence is
normalized to c,,.

(c) Distance factor Fdr is measured for various distances d. The dependence is normalized to
dr.

(d) For any distance d (usually d = d,) the ratio Tp(c, z) is measured for various c and z.

Data from paragraphs (a),(b) and (c) characterize the individual machine. Data from paragraph
(d) are probably more universal and refer to any photon beam of the specified energy spectrum.
To approve the last statement it will be necessary to compare tissue phantom ratios(TPR) for
different linac with the same quality of photon beams. Unfortunately, there is a lack of data in
literature at the present time. At least for *°Co photon beams the TPR values measured at two
different places were similar to those published by Johns and Cunningham [8].

The preliminary measurements of distance factor Fdr have shown that for the high energy
photon beams (OR6 and SAT18 in our experiments) the inverse square law can be a good
approximation. There were observed discrepancies (within 5%) for ^Co photon beams which are
under study.
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PERFORMANCE REQUIREMENTS OF TREATMENT UNITS

H. JÄRVINEN
Finnish Centre for Radiation and Nuclear Safety,
Helsinki, Finland

Abstract

Testing of performance characteristics of radiotherapy treatment units is an important part of the overall quality assurance
efforts to fulfil and maintain the required high accuracy of dose delivery to the patient. Guidance on performance testing
as well as recommendations on the desirable performance have been published, but these do not provide recommendations
which are fully consistent or easily applicable. There seems to be a need for a more practical "code of practice" for
performance testing, which would give a clear conception of the test methods and tolerance values. In this paper the general
scheme of performance testing and the outline for the proposed code of practice is discussed. Some published
recommendations on performance testing are compared and a possible new code of practice exemplified for one selected
characteristic: quality of cross beam dose distribution.

1. INTRODUCTION

The characteristics of treatment units which affect the accuracy and quality of radiotherapy
procedure are called performance characteristics. For external beam treatment units these can be
divided into performance characteristics for beam alignment and into those for beam dose
distributions. Testing of the performance of treatment units is an important part of the overall QA
efforts to fulfil and maintain the required high accuracy of dose delivery to the patient.

While the ultimate decision on what constitutes acceptable quality characteristics of a special
type of equipment, in its particular use, must be based on the user's professional judgement, it is
possible to identify certain basic characteristics with recommended therapeutically desirable or
routinely achievable performance tolerances [1,2]. In the past, only a few international
recommendations on performance characteristics were available. The recommendations by the NACP
[3] being one of the most comprehensive at the time of publication. In recent years, an international
standard [4] and report [5] on performance characteristics have been published by the IEC, and
several other papers [2,6] on quality assurance in radiotherapy have included guidance on performance
testing and tolerance values. This situation calls for the thorough re-evaluation of the performance
requirements applied so far, while the "status" of the new publications, especially of the IEC standard
and report, should be clarified.

The above publications do not provide recommendations which are fully consistent or could
easily applied. The publications by the IEC are very comprehensive which make them rather complex
and not very readable. Most of die other recommendations are limited to giving general principles
but leave many questions open to the user. More practical guidance and a clear conception of test
methods and tolerance values would therefore be desirable. This practical guidance should include
the test procedures needed for putting into operation the new equipment as well as information on
subsequent quality control testing during the use of the equipment.

2. GENERAL SCHEME

The basic elements of performance testing for medical electron accelerators are shown in Fig.
1. The tests are classified as acceptance tests, status tests or constancy tests (Table I [7]). The three
main elements: test methods, test conditions and tolerances are considered for testing by
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Fig.l. General scheme for the performance testing of medical electron accelerators.



Table 1. Types of performance tests (DRAFT [7]).

ACCEPTANCE TEST STATUS TEST CONSTANCY TEST

Aim

Characteri-
stics

Frequency

Responsi-
bility

Personnel
typically
involved

Acceptance of performan-
ce of equipment as
agreed between manufac-
turer and owner of the
equipment (as specified
in contract)

Measurement of key para-
meters

At installation and af-
ter major modifications

Manufacturer and USER,
or his(their) represen-
tative^)

Physicist or engineer

Determination of level
of performance

Checking the constancy
of performance

Measurement of key para-
meters

Initially, after modifi-
cation and on departure
from constancy

Manufacturer and USER,
or his(their) represen-
tative(s)

Physicist or engineer

Relative measurements
(non-absolute values)

Routinely and immedia-
tely after maintenance
and when malfunction is
suspected

USER or his representa-
tive

Radiographer or darkroom
operator

manufacturer, user, or an external body, in all stages i.e. design and manufacturing, putting into
operation and final application. The status of the IEC publications [4,5] and the need for or the
possibility of other approaches is illustrated.

It can be seen that there are relatively few items which are subject to actual standardization
(requirements): only the test methods and conditions, which are used by the manufacturer to disclose
the performance specifications, shall be in accordance with the standard (IEC 976 [4] ). All the other
items in different stages of performance testing have the nature of recommendation or suggestion.
Comparison of different recommendations on performance testing (chapter 4) reveals that there is no
general agreement on the parameters to be used for characterizing the performance, and even the
basic conditions for testing may differ. Profound knowledge of the meaning of parameters and their
internal relationships is necessary to enable sound comparison and judgement of their usefulness.
This, on the other hand, is needed to avoid unnecessary multiple testing. It is very unfortunate that
the test conditions specified in the standard [4] and in the other recommendations are inconsistent as
this may duplicate the number of tests: tests are needed to ensure compliance with the specifications,
while the same tests in slightly different conditions might be needed to provide base line values for
the desired quality control programs.

3. CODE OF PRACTICE FOR PERFORMANCE TESTING

An outline of the contents for the proposed "code of practice" for performance testing of
medical electron accelerators is shown in Appendix 1.
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For the guidance on performance testing, distinction should be made between comprehensive
status tests and less demanding constancy tests (Table I). Both types of testing would be needed
throughout the working life of the treatment unit, while the latter would be the main concern of the
quality control program (periodic testing).

AH aspects of beam alignment and beam dose distributions should be considered. The test
conditions should be representative for the possible variations of the characteristics to be tested and
preferably comparable with performance standards. The test methods should be accurate enough with
respect to the proposed tolerance values, as the published values generally do not include allowance
for the measurement uncertainty. The parameters for comparison should bear a clear relation to the
scientific or biological basis for a performance requirement, and they should form a compact and
coherent set to avoid unnecessary multiple testing. The scientific or other basis for the given
requirements or tolerance values should be stated. All parts of the guidance should be flexible so as
to allow due consideration of the individual characteristics of treatment units.

It should be emphasized that the results of performance testing can be quite sensitive to the
measurement technique used. For any results exceeding the tolerance values, the accuracy of the
measurement technique or the possibility of measurement error should always be considered. The
importance of the measurement accuracy calls for a chapter in the code of practice, which would give
additional guidance on the methods and equipment e.g. typical characteristics, "warnings" and
recommended application of radiation detectors in relative dose measurements.

4. COMPARISON OF RECOMMENDATIONS FOR PERFORMANCE TESTING: BEAM
QUALITY

The following is to depict how performance testing of medical electron accelerators is
interpreted inconsistently in three different publications. For practical reasons, the presentation has
been limited to only one characteristic of the accelerator. "Beam quality" for the cross beam dose
distribution was chosen for this example as for this characteristic there seem to be many deviations
in the various published recommendations for performance testing. It includes the concepts of beam
uniformity or the degree of flattening of the beam, beam symmetry and the width of penumbra.

The following publications are compared:

1. NACP [3]
2. IEC [5]
3. A eta Oncol. Supplementum [2]

The items to be considered in each case are:
test conditions
test methods (inch equipment)
parameters for comparison
requirements.

The summary of these items from the three publications is given in Appendix 2.

4.1. Photons

Fig. 2 shows a few examples of dose profiles for underflattened and overflattened photon
fields. For simplicity, the field is considered to be plane symmetrical. For each such field, the
uniformity parameters for a reference plane have been calculated according to the definitions in
Appendix 2 and the results are given in Table II.
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Fig.2. Sample profiles for underflattened field (profile 1) and overflattened field (profiles 2 and
3). Field size 20 cm x 20 cm.

Table II. Uniformity parameters for the reference plane for the
fields shown in Fig. 2.

Field Profi]
No No

Requirement :

1 1
2 2
3 3

Le NACP IEC Acta Oncol. Suppl.
D^, UI P Flatness P F UI P80/20% mm (la) mm

£103 >0.80 £ 8 £ 1.06 - £2.5 >O.80 < 6*'

100 0.71 16 1.06 16 2.0 0.71 21
106 0.88 8 1.06 8 2.0 0.88 9
107 0.88 8 1.07 8 3.0 0.88 9

*) For the plane of dose maximum
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The following observations can be made:

1. None of the fields are acceptable within the requirements by the NACP, while field no 2
would be (roughly speaking) acceptable within the requirements by the IEC and Acta Oncol.
Suppl. The IEC do not specify any exact requirement for penumbra, while the requirement
by Acta Oncol. Suppl. (tolerance level < 6 mm) concerns the plane of dose maximum and
would then allow somewhat higher values for the reference plane.

2. The uniformity index (UI) does not directly correlate with the uniformity characteristics of
the beam above 90% level, but is closely related to the values of penumbra. Low value of
UI generally means high value of penumbra, although this relation is dependent on the field
size and becomes less prominent as the field size is increased.

3. Above 100 % level the suggested tolerance for flatness by the IEC or Acta Oncol. Suppl.
are less limiting than the maximum relative dose (D^ by the NACP. This is because the
flatness - concepts are not related to the dose on the central axis (see Appendix 2). The
requirements by the IEC and Acta Oncol. Suppl. (la level) seem to be roughly of the same
level.

4.2. Electrons

Fig. 3 shows on example of the uniformity chart for an electron beam at the depth of dose
maximum. In Table III some results of measurements are compared for a number of electron
beams.

The following observations can be made:

1. In general, UI for electron beams would typically be < 0.80 for field size 10 cm x 10
cm, and the penumbra typically > 8 mm. The requirements for UI and penumbra by the
NACP seem not to be realistic in case of electron radiation. The "action level" of the
Acta Oncol. Suppl. gives some margin towards a more realistic requirement.

2. The flatness for electrons by the IEC is related to the uniformity index by the NACP. It
seems to be (see Table III) that the suggested requirements for the distances A ja C by the
IEC are much less strict than the requirement for UI by the NACP or by Acta Oncol.
Suppl.

4.3. Photons and electrons

An important shortcoming of the recommendations by the NACP is that there is no
requirement for the symmetry of the beam. The currently used treatment planning systems almost
without exception makes use of the data from only one vertical plane. This means that the
asymmetry of only this plane can be taken into account by the computer, and any three
dimensional asymmetry cannot be considered. The demand for the symmetry is therefore of high
importance.

As for the test conditions, it is very regrettable that the specifications issued by the IEC
and those contained in other publications differ. The manufacturers would obviously follow the
IEC standard and give the specifications in accordance with the IEC test conditions. If the user
of equipment makes another choice of test conditions, this will duplicate the necessary
measurements: measurements at the IEC conditions in order to verify compliance with the
specifications, and measurements at the other conditions in order to get reference values for the
subsequent quality control testing.
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Fig. 3. Example of a uniformity chart for an electron beam measured at the depth of dose
maximum.

Table III. Results of uniformity measurements for different electron
beams (Philips SL 25 accelerator).

Nominal
electron
beam
energy
4

8

12

20

FS Flatness (IEC)
max distance (mm)

10x10
20x20
25x25
10x10
20x20
25x25
10x10
20x20
25x25
10x10
20x20
25x25

A
(req.£lO)
5.5
5

6
6.5

6
8

7.5
3.5

C
(req.̂ 20)
12.5
9

10.5
13

9
11

15
6.5

UI
(NACP)

0.77
0.92
0.75
0.85
0.73
0.83
0.72
0.86

Penumbra
mm
(NACP)

6.5
6.5
8.5
9.5
9.5

• 11.5
8.0
8.0
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4.4. Conclusion

For performance testing of the quality of the cross beam dose distribution in photon beams
it seems adequate to define three concepts: beam flatness, beam symmetry and width of penumbra.
Uniformity index could be defined as a supplementary concept e.g. as a convenient follow-up
quantity. For the three concepts the specifications in Acta Oncol. Suppl. are preferred, as they
make use of the mean values. They would then be best related to overall dose distribution and
would also correspond to the biologically based aim at specifying the target absorbed dose by using
mean dose. For electron beams, the same concepts could be used. In this case the uniformity
index as a supplementary concept could replace the rather complex flatness specification by the
IEC.

5. SAMPLE FOR CODE OF PRACTICE: BEAM QUALITY

Beam quality for the cross beam dose distribution is here chosen to give a sample of the
possible contents of the code of practice on performance testing. For abbreviations see Appendix
2.

Test Conditions

Photons

GA ÇA FS
0° 0° 10x10

30x30
max

D
That to
be used

E
All

Electrons

GA
0°
or

90°
0°
or

90°
0°
or

90°
0°

90o

ÇA FS
0° 10x10

0° 30x30

45° 30x30

90° 10x20

D
That to
be used

E
All

or

Test methods

Note 1.

Photons and electrons
SSD 100 cm.
Radiation beam scanning in a water phantom at the reference depth (100 cm for
photons; PQ/2, when FS 10x10, for electrons) and at a few other depths. The
uniformity chart is measured. For details of equipment see Chapter...

All the necessary results of measurements are included in the uniformity
chart. As long as the program for data handling cannot compute the values of the
required parameters, these values have to be determined from the main axis and
diagonal profiles; in that case the profiles have to be measured separately.
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Parameters for comparison

Photons and electrons

Beam flatness (F)
ace. to Acta Oncol. Suppl.
(see Appendix 2; in the final code of practice the actual definitions of parameters
will be presented here)

Beam symmetry (S)
ace. to Acta Oncol. Suppl.

Mean penumbra width
ace. to Acta Oncol. Suppl. (except the reference depth for electrons = PQ/2)

Notes:

2. In order to verify the compliance with the manufacturer's specifications, the
flatness by the IEC publication may have to be calculated, too. The same
results of measurements can be used, however.

3. Instead of the flatness and symmetry determined from the whole field, and
the mean penumbra width, these parameters can be calculated from main axis and
diagonal profiles only (see note 1).

4. Uniformity index can be calculated as a supplementary information, as the same
results of measurements can be used and no more measurements are needed.

Requirements

Tolerance level requirements from Acta Oncol. Suppl.

Beam flatness
- reference plane Fr < 2.5 % (la)
- worst plane Fw <, 4 % (la)

Beam symmetry
- reference plane Sr < 1.5 % (la)

Meam penumbra width
- photons Pava, < 6 mm
- electrons ace. to manufacturer's

specification

Notes:

The requirement proposed by Acta Oncol. Suppl. for mean penumbra width for
electrons seems too strict in practice.

No requirement has been given to UI. UI would be recommended as a
supplementary follow-up parameter for quality control.
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Appendix 1

OUTLINE OF CONTENTS FOR "CODE OF PRACTICE" ON PERFORMANCE
TESTING OF MEDICAL ELECTRON ACCELERATORS

1. INTRODUCTION

- Basic elements of performance testing
- design and manufacturing/putting into use/use
- manufacturer/user/external body
- acceptance test/status test/constancy test
- test conditions/methods/tolerances
- requirements/recommendations
- compliance with specifications and with requirements
- determination of the reference level (base line values)
- follow-up of performance
- quality audit

2. GUIDANCE ON PERFORMANCE TESTING

2.1. Status Testing

- Test conditions
- Test methods (incl. equipment)
- Parameters for comparison
- Requirements (tolerance values)

for each of the following characteristics: Dose monitoring system
- reproducibility
- proportionality
- dependence on angular positions
- dependence on gantry rotation (arc mode)
- stability throughout the day
- stability in moving beam radiotherapy

Beam quality: depth dose distribution
Beam quality: cross beam dose distribution
- flatness
- symmetry
- penumbra

Indication of radiation fields
Indication of the radiation beam axis
Isocentre (radius of sphere of convergence)
Indication of distance along the radiation beam axis
Zero position of rotational scales
Congruence of opposed radiation fields
Movements of patient table
Comparison of treatment and simulator tables

2.2. Constancy Test

- in principle same items as for status tests
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3. ADDITIONAL GUIDANCE ON THE METHODS AND EQUIPMENT

- use of beam scanners; computer programs, capabilities and limitations
- use of various detectors: selection of the most suitable detector, orientation of the

detector, limitations etc.
- use of densitometers, details of the film method, limitations etc.
- simple "quick" methods, special phantoms etc.

GLOSSARY OF TERMS WITH DEFINITIONS

Appendix 2

SUMMARY OF PUBLISHED RECOMMENDATIONS FOR PERFORMANCE TESTING OF
BEAM QUALITY (CROSS BEAM DOSE DISTRIBUTION)

Only information which has been explicitly specified will be given.

The following abbreviations have been used:
GA gantry angle

collimator angle
field size (cmxcm)
dose rate

CA
FS
D
E energy
SSD source to surface distance
SDD source to detector distance
PQ penetrative quality
UI uniformity index

Test conditions

1. NACP

FS
Photons Electrons
> 10 x 10 > 10 x 10

2. IEC
GA

CA
FS

D
E

0°

0°
10x10
30x30
Typical
All

0° or 90°

0°
10x10
30x30

0° or 90°

45°
30x30

Typical
All

0° or 90°

90°
10x20

3. Acta Oncol. Suppl.

FS Mostly 10x10 Mostly 10x10

194



Test methods

1. NACP

Photons and electrons

SSD 1 m.

Reference plane.

Any plane parallel to the réf. plane.

Photograghic film in a polystyrene phantom

- automatic or semi-automatic density plotter

- absorbed dose about I to 2 Gy

Radiation beam scanning in water by a semiconductor detector or a small

ionization chamber (GA 0°, 90° or 270°)

- radiation beam scanner

- a monitor probe

Polystyrene block with holes for the detector (other GA)

2. IEC

Photons Electrons

SDD 100 cm (i.e. detector SSD 100 cm
at the normal treatment Profile measurement by
distance and SSD 90 cm) beam scanning in water
Profile measurement by at the standard
beam scanning in water measurement depth
at the standard (PQ/2, when FS 10x10).
measurement depth (100 mm)
along the two major axes.

3. Acta Oncol. Suppl.

SSD 100.
Reference plane and the worst plane (beam flatness, uniformity index).
Depth of dose maximum (penumbra, photons)
Phantom surface (penumbra, electrons)
Preferably by beam scanning in water phantom.
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Parameters for comparison

1. NACP

Uniformity index (UI)

Uniformity index: In the reference plane for a specified quantity (e.g. absorbed
dose, ionization, net film density or current from a semi-conductor detector), the
ratio of the area containing points where this quantity exceeds 90 per cent of its
value at the reference point and the area where it exceeds 50 per cent of the
reference point value.

Maximum relative absorbed dose in the radiation field

Penumbra (P)

Maximum relative absorbed dose at any arbitrary point in a specified plane, when
100 % relative dose at this plane is on the beam axis.

Penumbra: For a specified quantity, the lateral distance at the major axes between
the 80 per cent and the 20 per cent of points of this quantity with the value at the
reference point defined as 100 per cent.

2. IEC

Flatness (for photons)

Flatness =

DTO, :: maximum absorbed dose anywhere in the radiation field at
standard measurement depth

Dmm.T : minimum absorbed dose in flattened area
of radiation field at standard
measurement depth

Standard measurement depth (100 mm) at the normal treatment distance.

Contov
\|
lj DOSE«««*

RAOUtlON
BE AM AXIS

— Flattened area according to Figure

Square
RMJIAllOsr

F in cm

5<
\()<
30 <

1:1.0

F < 10
fOO
/-'

Dimensions defining the
flattened :ife;i

«/,„

1 cm
O.I F
3 cm

«.

2 cm
0.2 K
6 cm

m ilic R.\DI \TION F
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Flatness (for electrons)

Maximum distance between 90 % isodose contours and edge of geometrical field
projection at standard measurement depth, along major axes (A), along bisectors
of corners (C)

Standard measurement depth:
Depth PQ/2 (= Rgo/2; R^: depth of 80 % absorbed dose, most
distant from the surface).

Ratio:

highest absorbed dose anywhere in the radiation
field at standard measurement depth,
absorbed dose on the radiation beam axis at the
depth of dose maximum

Symmetry

Ratio max (D+/D.)

D+ and D. are points symmetrically displaced from the radiation beam axis and
within the flattened area at standard measurement depth (100 mm;
photons)
more than 1 cm inside the 90 % isodoses contour at standard
measurement depth (PQ/2)

Penumbra

As by NACP

3. Acta Oncol.Suppl.

Beam flatness (F) (rather unflatness)

The maximum percental deviation from the mean absorbed dose inside 80 per cent
of the beam size at a specified depth. The radiation beam size is defined as the
area inside which the absorbed dose is more than 50 per cent of the mean
absorbed dose in the useful beam.

Uniformity indez (UI)

As by NACP

Beam symmetry (S) (rather asymmetry)

The mean percental difference between the two field halves separated by the
gantry rotation axis and an axis perpendicular to this through isocenter.

197



Mean penumbra width

= 3A(1-U1)
2C

C/A: ratio of the circumference to the area of the
radiation field

Requirements

1. NACP

Photons and electrons:

UI > 0,80 ("should")
D^ < 103 % reference plane ("should")

< 107 % any plane parallel to the reference plane
P ^. 8 mm ("shall")

2. IEC

Photons Electrons

FS D«« Dmin.T A < 10 mm

5x5 .. 30x30 < 1.06 C < 20 mm

> 30x30 .g. 1.10

Dmax/Dmax.axi, Nu Value

D+/D.^. 1. 03 D+/D. < 1.05

Penumbra: No value suggested. The specification by the manufacturer can
be used.
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3. Acta Oncol. Suppl.

Quantity Symbol Tolerance Action
__ ____level level

Photons and electrons

Beam flatness in
reference plane Fr 2.5%*) 4%

Beam flatness in
worst plane Fw 4% 5%

Uniformity index
in reference
plane Ur > 0.80 < 0.75

Beam symmetry
in reference
plane Sr 1.5% 3%

Mean penumbra
width Pjo/20 < 6 mm > 10 mm

*) all %-values are 1 a-values
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A MINIMUM QUALITY ASSURANCE PROGRAMME OF THE TREATMENT UNIT
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Abstract

A Minimum Quality Assurance Programme of the Treatment Unit. There is a need for minimum recommendations on quality
assurance and quality control for radiotherapy treatment units, to specify minimum acceptable levels, below which the
continuing verification of safe performance is not considered adequate. An informal 1AEA/ESTRO working group is
currently considering criteria for producing an appropriate set of minimum recommendations. Some suggestions are given
as to possible content. The quality control component of quality assurance programmes is taken as an illustration of some
of the considerations and problems involved. Reviewing national and international recommendations on test frequencies
of various parameters shows significant variations between different quality control protocols for megavoltage treatment
equipment. Using this as a basis, suggestions are made on approaches to a minimum quality control programme. This
could involve reducing test frequencies where appropriate, but maintaining the use of frequent simple checks on critical
parameters. Any minimum recommendations are to be seen as baseline standards, which must be developed towards more
optimal programmes in each individual centre where possible.

1. INTRODUCTION

Quality assurance (Q.A.) in radiotherapy is recognised as vital in ensuring the achievement
of safe effective treatment [1-5]. Comprehensive quality assurance programmes, covering all
components of the radiotherapy process, are required to provide treatment within the clinically-based
accuracy requirements of 3% on dose delivery to the patient [5, 6] and 4 mm on beam-to-patient
positioning [5-7], both being given as one effective relative standard deviation. Quality assurance in
radiotherapy has been defined [1] in its widest sense as those procedures that ensure a safe fulfillment
of the dose prescription to the target volume, with minimal dose to normal tissues and minimal
exposure to personnel. It must be appreciated that it involves all staff groups who contribute to
radiotherapy and it covers all areas of the process, both clinical and physical [4, 8]. It has
consequences for the structure and organization of a radiotherapy department, it dictates a cooperative
multidisciplinary approach and it involves on-going education and training for all groups. Effort is
required at all levels, from international to departmental [4], in order to achieve and maintain quality
radiotherapy treatment.

Various national and international recommendations have been made on the establishment and
content of Q.A. programmes for radiotherapy. Some of these have been limited to one component,
or a limited range of components; for example, dosimetry, treatment machines, treatment planning,
clinical procedures, treatment outcome evaluation, records, etc. Others have addressed wider
considerations, incorporating a number of these and taking account of the links between them [1,4,
5]. In this presentation, attention is focussed on specific recommendations on Q.A. for external beam
megavoltage treatment units. The various approaches differ in scope and content, depending on the
philosophy and level of detail of the particular recommendations. Individual radiotherapy departments
may therefore be utilising very different levels of effort, depending on the Q.A. protocol followed,
if any, and often reflecting the level of resources available. Some departments may have no formal
documented Q.A. programme in place.

An informal IAEA/ESTRO working group is currently considering criteria for producing a
set of minimum recommendations on Q.A. for megavoltage treatment units, following a suggestion
by H. Svensson. One particular area meriting attention is the minimum necessary quality control
programme, below which the continuing verification of safe performance is not considered adequate.
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The aim is to specify baseline standards, applicable in every situation as a minimum, which can be
developed into more extensive optimal programmes as requirements and resources allow. No one
Q.Â. programme will suit all situations. Thus any minimum recommendations must be realistically
achievable, taking account of workload generated and resources required, but also considering
minimum acceptable standards. On the other hand, minimum recommendations must be presented as
a framework, providing flexibility. In this way more extensive recommendations, national or
otherwise, can be incorporated where available and centres are encouraged to evolve their Q.A.
programmes upwards from the minimum level.

The following sections review some of the framework to a possible protocol and provide some
suggestions as to possible content.

2.QUALITY ASSURANCE PROGRAMMES FOR TREATMENT UNITS

Quality assurance programmes, incorporating specific recommendations for external beam
treatment units, have been produced by various bodies [1, 4, 5, 9-13]. For treatment equipment, a
comprehensive Q.A. programme includes considerations of:

(a) installation planning, including determination of required performance, equipment
specification and selection;

(b) acceptance testing, to ensure the supplied unit conforms to specification;

(c) commissioning, to obtain the clinical beam data on which subsequent treatment is based,
including traceable calibration of the treatment beams following a suitable dosimetry protocol;

(d) an on-going quality control programme, referenced to commissioning measurements;

(e) a preventative maintenance programme and the logging of operating conditions;

(f) documentation of all relevant information;

(g) training specific to the equipment;

(h) associated Q.A. programmes on supporting or inter-related equipment, systems and
procedures.

Some suggested general areas to be included in a set of widely-applicable minimum Q.A.
recommendations for MV units follow a similar general pattern and include:

(a) a recommended Q.A. philosophy. The generic approach of the WHO document [4] is
appropriate, as it is based on distillation of experience from different countries and
approaches. In addition it is wide-ranging, stressing the interdependence of Q.A. in all areas
of radiotherapy. Thus specific aspects of Q.A. for treatment equipment are placed in a
framework which emphasises the inter-linking of the recommendations to other associated
Q.A. considerations;

(b) parameter definition, to ensure consistent terminology, taking into account IEC [11]
definitions and other guidelines;

(c) requirements on equipment systems; stressing critical factors to be taken into account in
defining performance requirements and in drawing up specification documents; recognising
that these requirements are necessary for new equipment, but may not be realistically
attainable for existing equipment in every case;
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(d) acceptance testing; drawing attention to the primary parameters to be tested for compliance
with the specification, referring to IEC and other guidelines for testing methods;

(e) commissioning; listing the minimum data set required to enable adequate characterisation of
the treatment beams for clinical use, referring to other published guidelines for measurement
methods, but emphasising the precision required. For calibration, it is sufficient to refer to
the necessity of following an appropriate dosimetry protocol, based on a self-consistent set
of currently accepted physical data. Care is required to implement the details of the protocol
at all points, for dosimetry consistency;

(f) a minimum level of independent verification of calibration, either by dosimetry
intercomparison or wider dosimetric audit. A flexible approach is required to enable different
possible routes to achieve this. For example, in the U.K., the IPSM have issued guidelines
[17] on procedures for independent verification of what is termed a 'definitive calibration',
i.e. of new equipment or following a source change in a Co-60 unit. This can be intra-centre
or inter-centre. Some countries, such as Finland, have formal centralised national quality
audit programmes that all centres are required to participate in. Other areas have extensive,
but non-regulatory, audit programmes e.g. the RFC programme [18], which includes a
significant proportion of centres in the U.S. Other centres have participated in
inter comparisons or audits on an occasional basis [19]. Many centres worldwide participate
in the IAEA/WHO postal TLD service [20]. Minimum requirements for dosimetry
verification should include a minimum recommended repeat period for such measurements
e.g. after new equipment or sources are installed and then at intervals of every few (2?, 5?)
years. In addition, consideration should be given to the minimum data set to be verified, the
bare minimum being a check measurement on output calibration of the treatment beam in
conditions approximating reference point calibration conditions;

(g) a minimum quality control programme, including the minimum necessary testing on the most
critical parameters of the equipment to ensure safety and adequate performance;

(h) minimum staff requirements deemed necessary for radiotherapy. Some minimum
recommendations already exist [4, 21], which could be re-emphasised. These publications
also cover respective roles and responsibilities and their links in the co-operative
multi-disciplinary radiotherapy team. Minimum levels of training are also required.

(i) There is a particular need for recommendations on clear unambiguous chains of responsibility
in certain situations. One such is that arising after equipment faults or suspected abnormal
performance. The sequence here should be: fault, reporting, diagnosis, repair if required,
check on equipment function, check on equipment performance, including dosimetry, hand
back for treatment. No part of this chain should be omitted, unless based on sound
experience. Formal notification and hand-over procedures should be established between
different groups of staff and between radiotherapy centre staff and external engineers, etc.,
to ensure that equipment does not go back into clinical service without checks. Suspected
faults or abnormalities must always be reported and investigated at an appropriate level, to
ensure equipment does not continue in use while not performing correctly. Positive
confirmation is required, from staff with responsibility for equipment function and dosimetry,
that the machine is fit for clinical use after any such episode.

(j) Documentation and records; to ensure continuing quality of treatment from radiotherapy
equipment, careful documentation is required at all stages of the equipment's life, covering
all the appropriate levels above. This is necessary however extensive or otherwise is the
Q.A. programme established.

Performance requirements, specification, acceptance testing, commissioning and quality
control are closely linked and some common considerations apply to each of these. Scientific work
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is still required to provide a basis for more rigorous definition of performance requirements [14],
being a suitable pragmatic compromise between clinical requirements, engineering limitations and
cost. Similar work is required to ensure appropriate optimal testing conditions and common test
methods and terminology for realistic comparison of specifications and to define the content and scope
of acceptance testing.

As regards quality control of treatment units, protocols vary widely. Quality control can be
defined as [15, 16] an on-going testing process, in which the equipment performance is measured and
compared to existing reference values and, in addition, the actions required to maintain or regain
conformance with these standards. Thus for external beam radiotherapy treatment units the aim of
quality control is to ensure acceptable consistent equipment performance and safety standards during
the clinical lifetime of the unit, including the consistency of the clinical data, obtained at
commissioning, on which patient treatments are based. Scientific analysis is similarly required to
determine the appropriate content of quality control programmes, based on considerations of the
probability of deviations occurring in various performance parameters and the consequences of such
deviations for treatment and/or safety. Different sets of recommendations provide a number of
approaches. Some require detailed tests at smaller time intervals, with consequences on workload and
resources and on the loss of possible treatment time. Other protocols reduce the content. Thus there
is no uniform agreement on optimal quality control programmes at present. The following sections
concentrate on this problem and compare test frequency recommendations from different protocols,
to illustrate some of the considerations involved in providing possible minimum recommendations.

3. QUALITY CONTROL PROGRAMMES FOR MEGAVOLTAGE TREATMENT UNITS

Before the establishment of any quality control programme, a number of questions must first
be addressed [16]. These include consideration of: what needs to be tested; at what frequencies at
each level; to what tolerance and action levels, as compared to the reference values; and using what
methods, equipment and time. In addition notification levels and actions to be followed need to be
defined if significant deviations are observed. The responsibilities of each member of staff for quality
control procedures needs to be made clear and a system of careful record-keeping set up. Some of
these questions can only be fully answered in the light of experience of the particular unit's behaviour.
Thus test frequencies may vary as experience is gained. No one programme is suitable in all
circumstances and tailoring may be required to the specific centre and/or unit. For minimum quality
control requirements, the most significant critical parameters must be addressed first, where any
deviations may have major consequences on treatment quality and safety. Test content must be kept
as simple as possible, consistent with the defined aims, thereby minimising the effort and time
required for an adequate return. Frequencies of testing must likewise be set at appropriate levels.
Testing frequencies in any regular quality control programme on treatment equipment normally follow
a hierarchy. This ranges from simple tests, in which a number of parameters may be tested in
combination, carried out relatively frequently, e.g. at daily or weekly intervals; up to complex
extended testing, looking at individual parameters separately and carried out infrequently, e.g.
annually. Various levels lie between these. In addition it is obvious that any such programme must
have in-built flexibility, with triggers to initiate appropriate out-of-sequence testing following repair
or following indications of problems from simple test levels, from observation of equipment operating
conditions or from observations during preventative maintenance.

Quality control on megavoltage treatment units is often grouped into two main areas: i)
dosimetric, including dose monitoring systems and beam characteristics, and ii) mechanical/geometric,
including field size and beam alignment systems, isocentre-related parameters, etc. Other systems,
including safety systems, should also be included. There is an increasing need for quality control
requirements to be formulated for aspects of modern computer control systems, which has not yet
been well-covered. Tables I and II summarise some national and international quality control
recommendations covering the two main equipment performance areas above, concentrating on
recommended test frequencies in various protocols. These are not exhaustive lists, but are intended
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TABLE I: Comparison of test frequencies in various quality control
protocols for megavoltage treatment units

la: DOSE MONITORING SYSTEM
Test | Protocol
Output Calibration
photons
electrons
Output stability
during day
moving beam
Reproducibility
Proportionality
Output variation
gantry position
arc
Wedge factor
Tray factor
Afin! "i ratTir fart~m"c;

(10)IPSM
d
d

m
ra
m
m
m
Im

(DAAPM
d

w, w/2

a
a

a
a
a

(9)NACP
w
W

3m
3m
m
m

3m

(13)SFPH
d
d

6m
6m
m
a
m
m

(12)DIN
w
w

a
m
a
a
a
6m

(H)IEC
w
w

m
m
6m
6m
6m
6m
6m

(4)WHO
d

d,w/2

a

a
a

(5)ActaR
d
d
m
6m
6m
m
6m

d = daily, w = weekly, m = monthly, a = annually
3m = three monthly, w/2 = twice per week, etc.
In addition several protocols recommend full sets of dosimetric checks
at annual intervals

Ib; BEAM CHARACTERISTICS
Test | Protocol
Depth Dose(energy)
photon
electron
Stability of DD with
gantry angle
Flatness, symmetry
and stability
Penumbra

IPSM
m
m

w/m

AAPM NACP
m w
m w
a
w/m w

SFPH
m
m

m

m

DIN
6m
6m
6m
a

IEC
6m
w
6m
w ,6m
m. a
6m

WHO
m
m

2w

ActaR
m
m

w, m

In addition, several protocols recommend spot checks, etc on data at annual
intervals

Ic: FIELD SIZE AND BEAM
Test | Protocol

Field indication
photon
electron
Geometry of beam
limiting system
Radiation axis
}1fjd~i1cation
Indication of
isocentre
Mech . /radiation
in room
3eam axis displacement
from isocentre
Distance indicators
Congruence of opposed
radiation fields
Rotation scales
Couch

IPSM

d,m
m

w , m

m
d,rn

w

w,m

ALIGNMENT;

AAPM NACP

d,w d,w
m m
a a

a a

m a
d ,m

a

m d

m
a

ISOCENTRE

SFPH

w,m
ra
m

m

m
m

w

6m

DIN

3m
3m

3m

m

a

m
a

6m

IEC

m
m
a

m

m

6m

m
a

a
m, a

WHO

m
6m
a

m

m

w

a
a

ActaR

w,m
m

6m

w,m

m, a

d

m
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Table II: Comparison of test frequencies in four
quality control protocols dealing with
Co-60 units

Test jProtocol
Output calibration
Timer accuracy
Timer end effects
Leakage

Source holder/
shutter mechanism
Uniformity

IPSM
m
m
6m
6m

m

m

AAPM
w
m

m
m

NACP WHO
m m
m m

a m

to illustrate the differences in current recommendations, it is obvious that there is a significant spread
in frequencies, even for some parameters considered to be of primary importance. Some parameters
considered in some protocols are not mentioned in others. There is generally better agreement
between protocols for parameters specifically of relevance to Co-60 units (Table II). This summary
has only considered test frequencies. There are also significant differences between some protocols
as to the extent of tests on a given parameter and on some of the tolerance and action levels set. In
summary there is no general agreement at present on the detailed content of optimal quality control
programmes, which is required in order to then extract minimum recommendations.

4. A MINIMUM QUALITY CONTROL PROGRAMME FOR MV TREATMENT UNITS

In considering a minimum quality control programme for MV treatment units, the criteria
applied should be to specify the baseline standards, below which the continuing verification of safe
performance is not considered adequate. It is therefore the lowest level of quality control that should
be accepted, but it must be emphasised that centres should be encouraged to develop from that point
towards more optimal programmes, utilising more extensive recommendations where available and
where possible. The overriding aim is initially to encourage each centre to have established some
formal documented minimum programme, which they can then evolve. By definition, many centres
will already be following programmes which are above the minimum level.

Minimum quality control programmes could be minimised in a number of ways:

(i) setting the minimum number of parameters considered critical;

(ii) minimising the levels of test on each parameter;

(iii) minimising the content of each test, testing parameters in combination;

(iv) minimising the frequency of each test;

(v) widening the tolerance and action levels involved.

Immediately the last possibility must be rejected. The basic tolerance levels are set in relation
to specification and performance requirements, in turn set by considering the clinically required
accuracy. The practical tolerance levels set in a given programme must take account of the

206



uncertainties involved in the measurement method employed, but there can be no relaxation of the
basic tolerance levels underlying this. However there is some scope for reducing content in the other
four areas.

This presentation has concentrated on test frequencies as an illustration of the considerations
involved. Three approaches present themselves as to possible selection of minimum frequencies. The
first is to consider any legal requirements. Whilst in any single country a minimum programme must
take the legal requirements into account, this can not be a valid basis for a general set of
recommendations. Legal requirements vary widely, from almost negligible regulations concerned
with essential radiation protection requirements, up to extensive regulations covering substantial detail.
In the first case this would lie below a minimum quality control standard, in the second above. The
second approach is to select minimum frequencies from a survey of recommendations as above
(Tables I and II). However this is not necessarily a sound approach, as the criteria for the selection
of different frequencies in different protocols is not obvious. Some of those minimum frequencies
may be appropriate, others may not. Work is first required at the level of those national and
international bodies to reach some consensus on general optimal frequencies for testing each
parameter, based on sound scientific analysis. The third approach to recommending minimum
frequencies could then be employed, which is to work from optimal to minimal recommendations.

One approach to this was suggested by de Almeida and Cecatti [22], in which a minimal
quality control programme was obtained from an optimal one by shifting the frequencies of test by
one step i.e. daily tests become weekly, weekly become monthly, monthly become three- or
six-monthly, these in turn become annual tests and annual tests become two-yearly. This can also be
linked to selection of critical parameters and to definition of minimum conditions and content for
individual tests. The inherent potential for linear accelerators, in particular, to suffer changes in
performance must be borne in mind, in parallel with these considerations and therefore care must be
exercised in any reduction of quality control test frequency. A decrease in frequency of more than
one step is not to be recommended. A good compromise for minimum recommendations may be to
decrease frequencies in this way for all levels of test above the simplest, but to keep a high frequency
of simple quick tests which can check a number of parameters in combination at the same time.
These can be carried out with minimal resources and equipment and taking up the minimum of
possible treatment machine time [16]. A frequent use of such tests in a minimal programme would
tend to counter the decrease in other aspects and would check the critical parameters often. They
would indicate problems requiring possible rectification fairly quickly, relative to the typical duration
of individual patient treatments.

Finally it must again be re-emphasised that the aim of any minimum recommendations is to
set out a realistic lower level. This is meant to provide a starting point for each centre to build more
detailed programmes as soon as possible and to help them obtain adequate resources to carry this out.

5. CONCLUSIONS

There is a need for minimum recommendations on quality assurance and quality control for
radiotherapy treatment units, to specify minimum acceptable levels, below which the continuing
verification of safety and performance is not considered adequate. Minimum recommendations must
be realistically achievable and be placed in a flexible framework, within which more detailed
recommendations can be incorporated where available and where possible. The aim is to encourage
the adoption of at least a minimum formal documented programme and to further encourage its
development once established. National and international recommendations on quality control
programmes show significant variation and work is required to resolve this and to produce valid
optimal recommendations. Minimum quality control recommendations must be based on the optimal
considerations by selecting the critical parameters to be tested and by reducing test frequencies where
appropriate. However, the frequent use of simple quick checks is to be encouraged. The overall aim
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is to encourage a widespread awareness of quality assurance in radiotherapy and a development of
any minimum programme towards an optimal programme, based on the WHO [4] approach, to ensure
effective consistent radiotherapy treatment.
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Abstract

In 1987 a Quality Assurance Programme was developed at the Institute Gustave-Roussy for a clinical trial on the use of
Etanidazole as a radiosensitizer in association with radiotherapy for head and neck tomours. 32 centres, located in Austria,
Germany, France, Italy and the United Kingdom participated in this trial in which the results of tests carried out on 374
patients have also been included. This Quality Assurance Programme includes investigations in the characteristics and
calibrations of the radiotherapy equipment, postal dose intercomparisons and on-site visits, associated with individual patient
treatment data checks. The main features and the results concerning the physical aspects of the quality control can be
summarized as follows: the protocols used for the mail intercomparisons and the on-site evaluations chosen were very
similar to the EORTC protocols; for the postal dose intercomparisons, performed with Cobalt-60 beams, 80 % of the
measurements appeared to be within the acceptable range of deviation (< 3 %) and no major deviation was observed. 19
different centers have participated in the mail dose intercomparisons, corresponding to the involvement of 91 % of the
patients. On-site visits have been performed in 15 different centers - 11 ofwhichby at least one member of the Etanidazole
Quality Assurance Group (EQAG) - corresponding to the involvement of 85 % of the patients. The on-site visits in
participating centers included mechanical verifications and basic radiation physics measurements, such as intercomparison
of ionization chambers, determination of absorbed dose in water at some specific points, checking of the field uniformity
and the percentage depth doses. This procedure also allows the dose calculations to be checked. The final outcome is, that
73.5 % of the checks were within the acceptable level of deviation; a major deviation rate of 5.2 % was found.

1. INTRODUCTION

The quality assurance programme developed for the European Etanidazole trial included two
main actions :

- Investigations on the characteristics and calibration of the radiotherapy facilities, including
a preliminary enquiry on equipment and procedures, postal dose intercomparisons and on-site visits.

- Individual patient treatment data checks, concerning both the medical and the physical
aspects, and made using the treatment charts and the related documents, such as simulation and
verification films, dose distributions.

This paper presents the methods and the results related to the basic physics and dosimetric
checks performed through postal dose intercomparisons and during on-site visits between 1987 and
1990.

The quality assurance protocol of the mailed intercomparisons and the on-site visits was
prepared by taking into account the EORTC protocols (2) in such a way that a cooperation with the
EORTC was made possible. This cooperation is useful and necessary, to improve the homogeneity
of the European centers standards, and to save time and money.

2. MATERIALS AND METHODS

2.1. Postal dose intercomparisons

Postal dose intercomparisons were performed with the majority of the participating centers,
using TL-dosemeters, for the beam mostly used for the treatment of the patients included in the trial
(Co-60 beams or X-rays below 6 MV when Co-60 is not available).
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The TL dosimeters were made of lithium fluoride powder PTL 717 contained in polyethylene
capsules. They were mailed to the participating centers with two additional TL-dosimeters which
were not supposed to be irradiated, in order to check the fading and any unexpected irradiation during
the transport. They were irradiated by the centers following a procedure similar to that used in the
EORTC protocol.

The LiF dosimeters were set in a special plexiglas holder and irradiated in a water phantom
at a fixed depth of 5 cm. The dose requested for the irradiation of each LiF dosimeter was 2 Gy.
The dosimeters were returned to the coordinating center (IGR) for reading and evaluation of the
results.

The device used for the dosemeters readout was a SAPHYMO LDT 21. Measurements were
performed using a nitrogen flow of about 3.5 liters per minute. The heating cycle consists of a 6 s
preheating at 100°C, followed by a 13 s linear increase of the temperature till 260°C.

The calibration of the LiF-dosimeters was performed at IGR in a Co-60 unit in terms of
absorbed dose in water. The absorbed dose in water was derived from ionization measurements,
following the IAEA protocol (3). Corrections for fading and for any unexpected irradiation during
transport were taken into account. No correction for the supralinearity of the dose response was
necessary in the measuring conditions. No correction for energy dependence was applied, all
dosemeters being irradiated in a Co-60 7-beam or in beams presenting similar energies (4 MV or 5
MV X-rays).

According to our quality assurance protocol, each participating center was required to perform
at least two successively mailed intercomparisons. For these two irradiations, the deviations observed
between the expected dose and the dose measured at IGR was requested to be within ± 3 %, in order
to be considered as a presenting and acceptable level of variation. Deviations between 3 % and 6 %,
or larger than 6 %, were considered as minor and major deviations respectively. In the latter
situation, more postal dose intercomparisons were required, followed if necessary by on-site visits.

2.2. On-site visits

The Etanidazole Quality Assurance Group (EQAG) was unable to visit all participating centers
as this would have been too time consuming. The decision on which centres were to be visited was
based on the following principles :

- at least two centers had to be visited in each country;

- no visits were planned to centers that had been checked by the EORTC within the last three
years;

- priority was given to centers providing the largest patient accrual;

- priority was also given to centers presenting deviations larger than 5 % in postal dose
intercomparisons.

During the last three and a half year period, IS centers involved in this trial were visited in
relation with the EORTC, corresponding to the involvement of 85 % of the patients. Among them,
11 centers were visited by at least one member of the Etanidazole Quality Assurance Group (EQAG),
corresponding to 63 % of the patients (eight centers visited by the EQAG, three centers visited in
collaboration with EORTC). The four other centers had previously been visited by the EORTC
group. The on-site quality control was performed according to a protocol comparable to the EORTC
protocol (2).
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This protocol includes mechanical verifications and basic radiation physics measurements on
the radiotherapy equipment. The checks and dosimetric measurements were carried out only on units
and in high energy beams used to treat the patients who had been included in the trial.

2.2.7. Mechanical verifications and beam alignments

The verifications were performed on both the treatment units (Co-60, linacs) and on the
simulators. The following main parameters were checked :

-collimator rotation, gantry rotation (isocenter) and corresponding scales;

-optical distance indicator;

-lateral and sagittal lasers alignment;

-collimator setting - light field agreement;

-light and radiation fields coincidence;

-lateral opposed light fields coincidence;

-vertical and lateral movements of the table top.

2.2.2. Absorbed dose determination

(a) Determination of absorbed dose in water at some specific points.

The measuring procedure and calculations were performed according to the recommendations
contained in the International Code of Practice published by the IAEA (3).

A cylindrical ionization chamber (type NE 0.6 Cm3), connected to an electrometer RDM IS
(THERADOS), was used for all photon beams and for electron beams with energies above 10 MeV.
For electron beams, with energies below or equal to 10 MeV, dose measurements were carried out
with a plane parallel ionization chamber designed by the Nordic Association of Clinical Physics (4).

The NE cylindrical and flat chambers were calibrated at the "Laboratoire de Métrologie des
Rayonnements Ionisants", in a Co-60 -y-beam, in terms of air kerma. For the flat chamber, the
accurate derivation of the ND factor from the air kerma calibration factor was checked through a
comparison in a 19 MeV electron beam against a cylindrical chamber (agreement within 0.3 %).

The constancy of the response of the reference chamber and the electrometer was checked
before and after EQAG on-site visits, against a secondary standard ionization chamber in a Co-60 y-
beam of the Institut Gustave-Roussy, and compared to the reference value obtained in the same 60-Co
-y-beam at the date of calibration performed by the LMRI.

The dose measurements performed with the cylindrical and flat chambers were made in a
water phantom (CALPHAN manufactured by DOSETEK), allowing a precision of 1 mm on the
depth.

For each quality, two types of dose measurements were carried out in the water phantom :

Absorbed dose determinations in some specific conditions at a reference depth and at the usual
treatment distance (Table I).

211



TABLE I : Different combinations of field sizes, depths along the beam axis, and
accessories in the beam used during on site visits for absorbed dose
measurements.

FIELD SIZE

cmxcm

WATER DEPTH

OF MEASUREMENTS

(cm)

ACCESSORIES

• Co.60 y-teams and high energy photon beams

10x10

6 x 6

20x20

8 x 1 4

10x10

10x10

12x20
• Electron beams

10x10

20x20

8x14

12x20

Reference depth 0)

Reference depth (1)

Reference depth 0)

Reference depth (1)

Reference depth (1)

Reference depth 0)

8cm

Dmax depth

Dmax depth

Dmax depth

Dmax depth

without

without

without

without

Wedge filter

Shadow tray

without

without

without

without

without

(1) Reference depth : 205 cm water for beam quality TPR1Q < 0.70 (Co.60 included).
2010 cm water for beam quality TPR10 > 0.70

The collection efficiency was derived from ionization measurements at the reference depth
for one field size (10 cm x 10 cm) using the two voltages method. For Co-60 -y-beams,
measurements in the reference conditions (10 cm x 10 cm, 5 cm depth - without accessory) were
performed for two time settings (l min. and 2 min.), in order to determine the source "transit time".
For other beam qualities (photons and electrons), the same number of monitor units (100 or 200 UM)
were used for each dose measurement, and the selected dose rate (in MU/min.) was the one used in
the routine work.

The absorbed dose, as determined from the measurements by the EQAG team, were compared
during the on site-visits to the absorbed doses stated by the center. The stated values were supposed
to be calculated by the center according to the calculation procedure in routine use for the patients.
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TABLE II : CRITERIA FOR ACCEPTABILITY (ON-SITE VISITS).
List of criteria for acceptability used by EQAG for checks performed during
on-site visits. These criteria are very close to that proposed by the EORTC
group [2].

Mechanics and beam alignement
Gantry rotation (isocentre diameter)
Collimator rotation
Lasers projection at isocenter
Scales and optical distance indicator
Radiation field-light field coïncidence
Lateral opposed light field coïncidence
Table top motions
Intercomparison of ionization chambers
Absorbed dose at specific points in water
60 Co y-beams / X-ray beams
Electron beams
Depth absorbed dose distribution
X-ray beams
Electron beams (ranges)
Absorbed dose homogeneity
• Photon beams :

- flatness
- symmetry

• Electron beams :
- flatness ago % 1 cfeo %

max. dose
-symmetry

Acceptable

<±2mm
<±2mm
<±2mm

<±2mm/±0.5°
<±2mm
<±2mm
<±2mm
<±1.5%

< ± 3 %
< ± 3 %

<±1.5%
<±3mm

< 1.06
£1.03

>0.85
<103%

£1.03

Minor Deviation

>±2mm
>±2mm
>±2mm

>±2mm/±0.5°
>±2mm
>±2mm
>±2mm
>±1.5%

> ± 3 %
> ± 3 %

>±1.5%
>±3mm

>1.06
>1.03

>0.80
>103%
>1.03

Major Deviation

>±4mm
>±4mm
>±4mm

>±4mm/±1°
>±4mm
>±4mm
>±4mm
> ± 3.0 %

> ± 6 %
> ± 6 %

> ± 3 %
>±6mm

>1.12
>1.06

<0.80
>106%
>1.06

In addition, absorbed dose measurements in the reference conditions were supposed to be
made by the center, and compared to the EQAG values obtained under the same conditions, in order
to check independently the agreement of factors used for the dose evaluations and the routine method
used for dose calculations.

The accuracy and the reliability of the dose measurements performed by EQAG were checked
by intercomparisons made in August 1988 and in April 1991 respectively by mailed TLD by the
EORTC. A good agreement, better than ± 2 % was obtained for all photon beam checked (Co-60,
4 MV, 18 MV and 25 MV X-ray). Moreover, an on-site visit performed at IGR in June 1986 by the
EORTC group lead to a good agreement between the doses measured by the EORTC and doses
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measured by IGR (used as reference by EQAG), whatever high energy photon or electron beams (all
measured doses were within a ± 2 % range). Such a good agreement should be outlined in the frame
of the EQAG collaboration with EORTC.

Relative dose measurements at given depths along the beam axis were made in water, in
order to check the quality index and selected depth dose curves for photon beams. Similar
measurements were carried out in electron beams, to check the : R50 and R85. In addition, the mean
energies at the phantom surface (E0) were calculated from the R50 values, according to the IAEA
protocol (3) and then compared with the values used by the visited center. These measurements were
performed for 10 cm x 10 cm and 20 cm x 20 cm field size for photon beams and 20 cm x 20 cm
field sizes for electron beams, at the usual treatment distance.

(b) Determination of the field uniformity (flatness and symmetry) were determined in a plane
perpendicular to the beam axis for a 20 cm x 20 cm field. The uniformity was checked for each
beam quality with radiographie films in a polystyrene phantom, at 5 cm depth for photon beams and
at the depth of the maximum dose for electron beams. The usual treatment distance was used as
source-phantom surface distance. The flatness and symmetry were evaluated along the major axes
of the beam, according to the recommendations published by the Société Française des Physiciens
d'Hôpital (5).

(c) In addition, an intercomparison of the ionization chambers of the EQAG and the participating
centers' chambers was carried out in terms of air kerma (or exposure) in a Co-60 7-beam, in air, in
the reference geometrical conditions (10 cm x 10 cm at the usual treatment distance). At some
centers which only dispose of linacs, the chambers were compared in a water phantom, with X-ray
photon beam qualities in the range 4-6 MV.

The criteria for acceptability related to the different checks performed during on-site visits
are very close to the criteria chosen by the EORTC group (2). They are presented in the table II.

3. RESULTS AND DISCUSSION

The results presented in this paper are related to postal dose intercomparisons and on-site
visits performed between December 1987 and June 1990. The final evaluation of the quality controls
achieved for this trial is planned for the end of 1991.

3.1. Postal dose intercomparison

The distribution of the ratios of the expected absorbed dose in water to the absorbed dose in
water measured at IGR by EQAG is shown in figure 1. For the 43 individual intercomparisons made
with 19 centers including 91 % of the patients, 80 % of the measurements present acceptable
deviations (<, ± 3 %) and 20 % of them correspond to minor deviations (between 3 % and 6 %).
No major deviation, larger than 6 %, was observed. The mean of the measurements is very close
to 1 (0.993) with a standard deviation of 2.3 %. The difference between the highest and lowest
measurements is 0.10.

3.2. On-site visits

The results of the on-site visits presented in this paper are related to the 11 centers which have
been visited by at least one member of the EQAG. 31 units, including 7 simulators, 11 Co-60 units
and 13 linacs were checked, representing 517 measurements.
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to Fig. 1. Distribution of the rations of the absorbed dose in water stated by the center to that determined
by EQAGfor the postal dose intercomparison performed in Co. 60 y beams between 1987 and 1990.



TABLE III : MECHANICAL VERIFICATIONS INCLUDING GEOMETRY : RESULTS (1).
Results of mechanical verifications and beam augments obtained
during on-site visits performed by EQAG in the 1987-1990 period
(11 centers visited). The number of parameters checked (%), found
in acceptable, minor and major deviation are given independantly
for simulators, 60Co units and linacs, and globally for all units
reviewed.

UNIT

(NUMBER)

NUMBER OF PARAMETERS CHECKED

ACCEPTABLE

DEVIATION

<±2mm/±0.5°

MINOR

DEVIATION

>±2mm/±0.5°

MAJOR

DEVIATION

>±4mm/±1°

Simulator (7)

60Co-Units (10)

Linacs (13)

TOTAL (30)

36 (70 %)

53 (73 %)

71 (84 %)

160 (77 %)

11 (22%)

12(17%)

13(15%)

36(17%)

4 ( 8%)

7(10%)

1 ( 1%)

12 ( 6%)

3.2.1. Mechanical verifications and beam alignments

The number of parameters which showed acceptable, minor and major deviations, according
to the criteria defined in Table II, are presented in Table III for each type of unit (simulator, Co-60
unit and linac), and for all considered units. 77 % of all measurements are within acceptable
deviation. A major deviation rate of 6 % was observed, mainly due to problems with the optical
distance indicator and the mechanical stability of the treatment tables.

In addition, some problems were found in laser beams alignment and scales (gantry,
collimator, field size) adjustments, leading to a large proportion of the minor deviations observed
(table IV).
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TABLE IV : MECHANICAL VERIFICATIONS INCLUDING GEOMETRY : RESULTS (2)
Results of mechanical verifications and beam alignments obtained
during on-site visits performed by EQAG between1987 and 1990 (11
centers visited). The distribution of the parameters checked which
were found in acceptable, minor and major deviations is presented.

CHECKS
ACCEPTABLE

DEVIATION
<± 2 mm/ ±0.5°

MINOR
DEVIATION

>±2mm/±0.5°

MAJOR
DEVIATION

>±4mm/±1°

Gantry rotation (isocenter)

Collimator rotation

Optical distance indicator at
isocenter

Lasers

Scales (gantry, collimator, field size)

Light and radiation fields coïncidence

Lateral opposed light field coïncidence

Table top (movements)

92%

92%

63%

76%

72%

89%

79%

59%

4 %

4 %

2i %

20 %

ta %

11 %

18%

26 %

4 %

4 %

15 %

4 %

0%

0%

3 %

15%

SIMULATORS (7) - 60Co UNITS (10) - LINACS (13)

3.2.2. Absorbed dose determination

(a) Intercomparison of ionization chambers

An excellent agreement was found in ionization chamber calibrations. All checks appeared
within the acceptable level of deviation (± 1.5 %). The mean value of the ratio EQAG to center
ionization chamber measurements was 1.001, with a standard deviation of 0.009 and a A value of
0.028.
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ETANIDAZOLE RADIOTHERAPY MULTICENTER STUDY
ON SITE VISITS
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measured absorbed dose/ stated absorbed dose

Fig. 2. Distribution of the ratios of absorbed dose determination by EQAG to that stated by the center
for Co. 60 y-beams checked during on-site visits performed between 1987 and 1990, for different field
sizes, depths and beam modifiers. The part of the distributions of the deviations corresponding to
beam modifiers (wedge filter and shadow-tray) is shown in comparison with the distribution related
to all parameters reviewed.

(b) Absorbed dose in water at specific points

The distribution of the ratios of absorbed dose in water determined by the EQAG to the
absorbed dose stated for patient treatment by the center are shown for Co-60, X-ray and electrons
beams, respectively, in figures 2, 3 and 4.

• For the Co-60 7-beams, the distribution is characterized by a mean value close to unity
(1.003) and by a standard deviation of 0.023. 83 % of the measurements were found to be within
an acceptable level of deviation and a major deviation rate of 2 % (1/63 measurements) was observed.
The observed major deviation, as well as the spread of the distribution is mainly due to the
determination of the wedge filters and shadow tray transmission factors (Figure 2). Other sources
of minor deviations were linked to uncertainties in dosimetric data used in computers for dose
calculations.
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Fig. 3. The distribution of the ratios of absorbed dose in water determined by the EQAG to the
absorbed dose stated by the center.
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Fig. 4. Distribution of the ratios of the absorbed dose determined by EQAG to that stated by the
center for electron beams (6-25Me V) reviewed during on-site visits performed between 1987 and 1990.



O 4
CD

i" 3
k_

2

1 WA

0,93 0,94 0,95 0,96 0,97 0,98 0,99 1 1,01 1,02 1,03 1,04 1,05 1,06

EQAG measured dose/Center stated dose

gou
O"

^v*

v

Ŵ
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Fig. 5. Distribution of the ratios of the absorbed dose determined by EQAG to that stated (upper
figure) or measured (lower figure) by the center for 24 Co.60 (6), X-ray (8) and electron beams (10).

For the X-ray photon beams with beam qualities between 5 to 25 MV, the distribution of the
ratios EQAG to centers absorbed doses present a mean value of 1.010, a standard deviation of 0.024
and a spread of 0.103. 77 % of all checked beams appeared to fit within the acceptable level of
deviation, and no major deviation was observed.

The main causes of minor deviations are due to the determination of the wedge filters and
shadow-tray transmission factors (Figure 3), to dose monitor response instabilities, to missing
corrections for unsealed monitor chambers and to the use of an incoherent dosimetry procedure.

221



For electron beams with qualities in the range 6 to 25 MeV, the distribution of the ratios
EQAG to center absorbed doses is characterized by a mean value of 1.007, a standard deviation of
0.029 and a difference between the highest and die lowest values of 0.128. 74 % of all beams
checked are in acceptable deviation and 4 % (3/67) presented major deviations (Figure 4). The major
deviations were mainly due to the fact that no correction was applied for recombination in some
scanning beams.

The other sources of deviation (minor deviations) were the same as those found for photon
beams and concern mainly unsealed monitor chamber corrections, dose monitor response instabilities,
use of an incoherent dosimetric procedure and uncertainties in the dosimetric data used in the
computer for the dose calculations.

Absorbed dose measurements performed by the center with its dosimetric equipment during
the on-site visit have confirmed most of the observed deviations. Indeed, as it is shown in Figure 5,
center measured doses are, for most of the centers, closer to EQAG dose measurements than center
stated doses.

The agreement between absorbed doses determined by EQAG during on-site visits with the
cylindrical and flat chambers has been checked in some centers in at least one electron beam of
energy higher or equal to 10 MeV. This comparison was made in water at the depth of the dose
maximum in a 10 cm x 10 cm or 20 cm x 20 cm field at the usual treatment distance. As a result,
for the 7 checks performed, the mean value of the ratio of flat to cylindrical EQAG chambers was
found equal to 0.991. The standard deviation was O.O14 and the difference between the lowest and
the highest value was 0.034.

(c) Relative depth doses in water

The ratio of the percentage dose at a given depth in water measured by EQAG to that stated
by the center was found to be within the acceptable level of deviation for 67 % of the 18 photon
beams. Two out of 18 showed major deviations.

For electron beams, the R50 and R85 ranges measured by EQAG were in good agreement
with that stated by the center for 62 % of the 26 beams checked (difference < ± 3 mm) and 4 %
were found in major deviation.

The main causes of deviations were 1 inked to the use of an inappropriate detector for the beam
quality checked (some diodes or a 0.6 cc cylindrical chamber in electron energy lower than 10 MeV)
and to corrections on ionization chamber response not taken into account in electron beams.

(d) Field uniformity (symmetry and flatness)

Among the 13 photons beams checked, 24 % were in the acceptable level of deviation and
15 % were observed in major deviation.

47 % of the 30 electron beams checked were observed within the acceptable level of deviation
while a major deviation rate of 20 % was found.

The important rate of observed major deviations was due, for electron beams, to electron
applicators not used, and to large patient applicator distances providing a large penumbra.

For photon beams, the observed deviations were linked to an incorrect adjustment of the beam
parameters or, in one case, to a malfunctioning of the linac during the on-site visit.
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4. CONCLUSIONS

As a global result of all checks performed by EQAG during the on-site visits, including
mechanical verifications and dosimetric measurements, 73.5% of checks performed were within the
acceptable level of deviation, while in 5.2% a major deviation rate was found. The results and
conclusions of EQAG on-site visits are comparable to those established by the EORTC group. This
group visited more than 30 centres during the past nine years.

Deviations have been discussed with local physicists during visits referred to and it was
possible to trace the sources of all major deviations and most of the minor ones.

Consequently to on-site visits, a better uniformity among the different visited centers was
reached : in our experience, an improved method of dose determination was adopted (3 centers), the
dosimetric data used for calculations in the computer were reviewed (2 centers), the mechanical
adjustment of a therapy unit was achieved, corrections for ion recombination in dose determination
for scanned electron beams were introduced and beam parameters were adjusted on some linacs for
improving the symmetry and the flatness of the beam.
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1. INTRODUCTION

Papers presented at the session on "Treatment preparation and in-vivo dosimetry" on September
18th, 1991 demonstrated conclusively that in-vivo dosimetry has an essential role in departmental
quality assurance. A consensus was also reached regarding basic requirements for radiotherapy
treatment preparation.

2. TREATMENT PREPARATION

It is essential that the acquisition of both body contour and anatomical data should be performed
with the patient in the position for treatment and under the same conditions as for subsequent
radiotherapy treatment. This includes the use of any immobilisation devices, limb position and degree
of respiration, bladder filling etc. These recommendations apply whichever modality is chosen for
data acquisition e.g. simulator use of orthogonal radiographs, computed tomography therapy scans
or simulator-CT facilities. Skin reference marks should be made on the patient to produce a
coordinate system and these must be transferred to the cross-sectional outline used for dose planning.

It is considered that a simulator for use in localisation of the target volume and verification of
field arrangements is a first priority for treatment preparation. However, many studies have shown
an improved accuracy of 25-40% in the localisation of the target volume with computed tomography
facilities. There is still a lack of these facilities worldwide due to lack of funding.

3. IN-VIVO DOSIMETRY

It was clear from the presentations that both major and minor errors of dose had been detected
with the use of in-vivo dosimetry. In order to ensure the safety of treatment, and detect human
mistakes and to prevent accidents it was considered imperative to install in-vivo dosimetry.
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Results presented at this meeting also showed improvements in the quality of the treatment
chain, in the accuracy of the techniques and in the quality of individual patient treatment as a direct
consequence of the application of in-vivo measurements. However, the in-vivo dosimetry system
must not replace the computation of the dose for each individual patient.

It was shown to be very fruitful to involve all members of the radiotherapy team i.e. physicists,
radiography technicians and medical staff in order to maximise the outcome of the exercise and
motivate each member of the therapy procedure.

Nevertheless it was clearly stated that these measurements can never replace standard quality
assurance procedures necessary in every department as outlined in the WHO report (Quality
Assurance in Radiotherapy, 1988).

There was a consensus to make a recommendation that it is essential for radiotherapy
departments to have access to at least a minimum level of in-vivo dosimetry, but only when there are
adequate resources of personnel, with appropriate training and the time to implement such a
programme adequately.

4. RECOMMENDATION

4.1. First level

All centres should have access to an in-vivo dosimetry system for the following
indications: pregnant women

children
dose to critical organs such as gonads, lens of the eye.

TLD may, if necessary, be conducted as a service from a neighbouring centre.

4.2. Second level

Central axis entrance dose measurements on the patient are an effective way of checking the
quality of the entire dosimetric procedure, from the performance of the treatment machine to accurate
positioning of the patient. Diodes or TLD can be used for such measurements depending on the local
situation. Whichever dosimeter is chosen, it should be calibrated regularly against the local standard
and their constancy should be checked. TLD may, if necessary, be conducted as a postal service and
read out at a local centre (e.g. SSDL or a regional centre). In addition, there are minimum
requirements for training of personnel, the use of these dosimeters, according to the accepted code
of practice, which should include guidelines for calibration, performance of the measurements and
analysis of the results. Suggested application of the use of entrance dose measurements is as follows:

(a) study of new techniques for irradiation introduced into the department;
(b) changes of practice - new equipment (e.g. treatment unit, computer planning system, software) -

new staff - change of treatment techniques;
(c) evaluation of standard techniques used within the department with priority given to radical

treatments.

It is important to have sufficient patient data for statistical analysis. This can be derived from
multiple measurements on a few patients or few measurements on many patients. The analysis of the
results will reveal information related to the basic procedures used in the department (mean
deviation), the reproducibility of the tested techniques (standard deviation) and to the number of large
deviations (accidental errors).
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In-vivo dosimetry checks the dose level and if possible should be combined with some form
of portal image to verify the geometrical precision.

Information from the collected data and analysis of the results will enable a meaningful action
level to be set.

5. CONCLUSION

There are basic requirements for the acquisition of patient data and treatment preparation.
In-vivo dosimetry is an important part of a departmental quality assurance programme, and is essential
in order to detect errors and ensure the safety of treatment. There are minimum resources necessary
for implementation of in-vivo dosimetry in terms of training, and man power and facilities for
dosimetry equipment (the costs of implementing in-vivo dosimetry and portal imaging in radiotherapy
departments - K. Kesteloot, A. Dutreix, E. van der Schueren - private communication). If these are
not available it cannot be carried out safely or to sufficient standards to be used meaningfully.
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ACQUISITION OF PATIENT DATA, ANATOMICAL DATA

HJ. DOBBS
King's College Hospital,
London, United Kingdom

Abstract

It is essential that the acquisition of anatomical patient date is undertaken in the radiotherapy treatment position. This means
that the patient should be supine or prone as for treatment, the exact head pad should be used and the positioning of the
limbs should be as for subsequent treatment. Any immobilisation devices such as perspex shell, vacuum bags, use of arm
poles or foot boards must also be used. It is important that any internal movement such as respiration, swallowing,
variability of the bladder volume size, should also be considered. The main modes of obtaining anatomical patient data are
discussed i.e. use of the treatment simulator using orthogonal radiographs with rulers to provide magnification factors;
computerised tomography scans and magnetic resonance imaging scans. Ideally, a combined treatment planning station is
needed which can unite all forms of diagnostic imaging used in acquiring data about a patient. This is an area of ongoing
research.

1. INTRODUCTION

The objectives of radiotherapy are to deliver a tumouricidal dose of irradiation to the tumour
and spare surrounding normal organs. For optimum results, meticulous attention must be paid to
defining the exact position of the tumour within the patient and its local extent.

Radiotherapy planning demands close liaison between radiotherapist, physicist, radiologist and
radiographer to ensure the highest standard of care.

Traditionally, clinical data for treatment planning has been collected in the cross-sectional
plane. However, with the increased use of magnetic resonance imaging (MRI) available in any plane
and the advent of three dimensional (3D) displays [2], clinicians are learning to visualise tumours and
normal organs in many planes. Integration of CT and MRI data as well as other imaging modalities
in a single work station may revolutionise the acquisition of clinical data [7].

2. AIMS

(a) To determine the site and extent of the tumour in relation to surrounding tissues, body outline and
external and internal landmarks.
(b) To determine the site and size of critical organs in order to ensure doses remain within normal
tissue tolerance.
(c) To obtain quantitative information of tissue densities throughout the irradiated volume to enable
corrections to be made for the attenuation of x-ray beams or the absorption of electron beams in
different materials.

3. TREATMENT POSITION

It is essential that the acquisition of all clinical data for treatment planning is made with the
patient in the final position to be used throughout the course of radiotherapy treatment. This includes
whether they are to be prone or supine, which size head pad, any limb positioning devices,
immobilization shells, foot boards and also whether they are to be treated before or after micturition
as this will influence the size of the bladder volume.
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4. CONVENTIONAL PLANNING

The conventional method of tumour localisation involves the use of anteroposterior (AP) and
lateral radiographs, often with the use of contrast media, to outline the tumour. A transverse outline
of the patient at the centre of the target volume must be obtained, and the tumour and anatomical data
transferred to the cross sectional-map. This method of localisation fails to visualise the tumour itself
in most cases, as orthogonal radiographs merely show bony landmarks with contrast outlining hollow
viscera and hence delineating tumours indirectly. The radiographs are usually obtained with the use
of a simulator.

5. COMPUTERISED TOMOGRAPHY

The advent of x-ray computed tomography scanners in the late 1970's provided a method of
obtaining the required information accurately, rapidly and in the transverse axial plane ideal for
radiotherapy planning [13]. In most cases the primary tumour and its extension can be visualised,
together with the precise positions of sensitive organs such as kidneys, lungs and spinal cord and the
patient' s external body contour. Multiple CT sections permit localisation of the tumour throughout
its length. Coronal and sagittal reconstruction may be useful in defining more precisely the local
tumour extent. 3D reconstructions now allow visualisation of the target volume and normal organs
as a three dimensional display.

6. TECHNIQUE OF THERAPY CT SCAN
CT examination for radiotherapy planning purposes must be made under conditions which are

identical to those during subsequent radiotherapy treatments [1]. The scanner couch must be flat,
because a concave couch top alters the body contour and the position of internal organs. A large
gantry aperture is necessary for visualisation of the complete body contour, particularly in obese
patients. Lasers are used to align the patient longitudinally and to prevent lateral rotation, particularly
of the pelvis. The position of each patient for scanning is dictated by the subsequent field
arrangement to be used for treatment, and a record of details such as head pad size and arm position,
must be kept for accurate reproducibility. It is important that the patient does not move during the
examination so that CT information can be related to skin reference points. A permanent ink tattoo,
marked with barium paste for the scan,is used to coordinate data with the eventual treatment set
up.Scans are taken during quiet respiration as occurs during actual radiotherapy treatments. It is
important to be aware of the differences between diagnostic and therapy scans as the direct use of
diagnostic scans for treatment planning can introduce errors. Good liaison with diagnostic radiologists
is essential to obtain excellent data interpretation of the scans and maximum attention to details
relevant to subsequent therapy.

7. CT v CONVENTIONAL PLANNING

Several studies have been carried out comparing the localisation of tumours by conventional
methods and CT. Table I outlines results from several centres showing that between 20% and 45%
of conventional plans are altered after CT scanning [9].

_____________TABLE I. MAJOR PLAN ALTERATIONS DUE TO CT_________

No. patients % change
Tufts (1977) 75 45%
Mallinckrodt (1978) 45 20%
Brizel (1979) 72 30%
MGH (1979) 77 36%
RMH (1983) • 320 33%
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Table II shows a study carried out on 320 patients who were all having radical treatment and in whom
both CT and conventional planning was performed and the accuracy of the target volume compared
by an independent clinician [5]. It confirms that the use of CT depends on the anatomic site of the
tumour as well as the treatment policy of a particular centre. CT is likely to make a greater impact
on planning when small volumes are used to achieve high tumour doses than when the natural history
of a tumour demands that wide-field irradiation be used.

TABLE II. EFFECT OF CT LOCALISATION (RMH)

Site No. patients Change in target volume

Head and Neck 28 5 (18%)
Thorax 94 28 (30%)
Abdomen 54 36 (67%)
Pelvis 144 36 (25%)

Total 320 105 (33%)

Table HI shows that in the above study [5] a reduction in target volume was possible in many patients
with intra-abdominal tumours. This was largely due to the benefits of imaging sites such as the
pancreas with CT enabling a more accurate delineation of the tumour than was previously possible
with other imaging modalities such as ultrasound.

TABLE III. ALTERATIONS IN TARGET VOLUME

Site Reduction Increase Site change Total
Alterations

Chest 3 14 11 28
Abdomen 20 10 3 36*
Pelvis 10 18 5 33

Total 33 (34%) 42 (43%) 19 (20%) 97

* this includes in addition two patients who had a management change and one who had a change in
field arrangement.

Table IV illustrates the tumour sites which benefit most from CT planning. These all represent
treatment given with radical intent apart from recurrent rectal tumour in the presacral region which
is only visualised with CT and hence justifies the use of CT planning.
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TABLE IV. TUMOUR SITES FOR CT PLANNING

CNS Tumours

Head and Neck Antrum
Orbit
Parotid

Chest

Abdomen

Pelvis

Bronchus
Mediastinum
Oesophagus

Pancreas
Retroperitoneal masses
Soft-tissue sarcomas

Bladder
Prostate

Rectum (including recurrence)

Soft tissue sarcomas

8. LIMITATIONS OF CT PLANNING

(a) Interpretation of CT data
(b) Lack of ability to visualise microscopic spread
(c) Inadequate size of aperture
(d) Inadequate gantry tilt facility
(e) Reproducibility

The restrictions which the gantry aperture of a CT scanner
imposes on the treatment position of patients is one of the major limitations of its use for CT planning
[4]. Irradiation of the breast necessitates abduction of the arm away from the body to allow entry of
tangential beams and this cannot often be reproduced in the CT scanner. It is possible that the size
of the reconstruction circle is too small to reproduce images over the required region, even though
the patient fits into the aperture.

It is essential that the CT planning system is compatible with the CT scanner for full
integration.

9. IMPACT ON TREATMENT OUTCOMES

There are as yet, no reports of randomised prospective studies comparing local tumour control
or survival rates of patients irradiated following the use of CT versus conventional planning. In 1985,
Rothwell reported a retrospective analysis of a series of patients treated by radiotherapy for bladder
cancer [15]. The results were analysed in relation to coverage of the tumour mass as defined by CT
by the 90% isodose, planning having been undertaken conventionally. It showed that patients whose
tumours received < 90% of the prescribed dose to any part fared significantly worse than those
receiving 90% or more of the radiation dose to the entire tumour.
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If the survival of the underdosed population could be improved by more accurate localisation
using CT planning so that it was equal to the rest of the group, Rothwell et al predicted a 9% increase
in survival of the whole group at 3.5 years. This is comparable to the 3.5% improvement in survival
at 5 years from improved planning predicted by Goiten in 1979 [8] using a mathematical model. This
indicates that a substantial 30% increase in accuracy of planning radiation therapy translates into only
a modest expectation of improvement in local control or survival.

9.1. Magnetic resonance imaging

The use of MR imaging has been shown to be particularly useful for tumours of the CNS
[16], prostate, head and neck and for soft tissue sarcomas,, where it provides increased visualisation
of the gross tumour and nodal involvement. The ability to obtain MR images in any plane without
loss of spatial reconstruction is also useful. However, MR images are subject to geometric distortion,
scan times are long, and bone is imaged by an absence of signal making comparison with conventional
x-ray films difficult. It is not yet possible to derive electron densities from MRI data, so unlike CT
scanning it is of no use for dose calculation. It is important to work towards integrating CT and MRI
data at a unified work station so that they and other imaging modalities can be used for the
localisation procedure. It is essential to remember that both clinical (examination, surgical and
pathological) and imaging data must be taken into account when performing localisation of the target
volume so that all available information is used.

9.2. Three-dimensional display

3D display of anatomic information allows increased understanding of the relationship between
tumour and normal tissues. We have recently undertaken a study [6] using CT data to prepare 3D
reconstructions in order to analyze the radiation dose given to the heart in patients undergoing breast
irradiation following conservative surgery for early breast cancer. This study was started following
the CRC(L) trial [10] results published in 1989 which suggested an increased risk of death in patients
undergoing radiotherapy following simple mastectomy compared with those who had no further
treatment. Subgroup analysis of patients who were found to have died from cardiac related diseases
showed an excess of deaths in the radiotherapy group of 46 versus 30 deaths in the watched group.
Data from a similar study reported by Jones and Ribeiro in Manchester [12] has also shown an
increased mortality from cardiovascular causes in the irradiated group with no statistically significant
difference between left and right sided tumours.

Our study was set up to collect data on radiation doses given to the heart at the time of
irradiation as none was available from the literature. Patients were invited to attend for a CT scan
and this was taken with the patient lying in the original treatment position. One group of patients
were scanned retrospectively 15-20 years following their primary breast radiotherapy treatment, a
second group of patients were scanned prospectively prior to modern megavoltage breast irradiation.
From the multi level CT scans, reconstructions were made of the anatomical position of the heart and
irradiation doses to it for each CT slice. Doses were then compared in the two groups of patients and
it was found that there was a statistically significant reduction in median cardiac radiation doses for
treatment of left sided breast tumours using the new megavoltage technique compared with those
irradiated in the 1970's using an orthovoltage technique. The positions of the three main coronary
arteries were also reconstructed on the CT slices and the mean extrapolated target doses (ETD) [17]
to the left circumflex, right coronary artery and left circumflex artery were all calculated. Results
showed that the doses to the left circumflex and right coronary arteries were significantly reduced
using the new megavoltage technique, but that the left anterior descending artery consistently received
the target dose with both the old and new radiation techniques. This has provided an example of the
use of CT to collect anatomical data in order to increase our knowledge of radiation doses received
by critical organs and it is hoped that it will also provide a means of exploring different treatment
techniques using non-coplanar beams and unusual beam angles and different energies of irradiation.
It also gives potential for designing beam shaping and compensators using fully 3D imaging
information.
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The beam's eye view display may be used to design field arrangements [14]. Analysis of dose
distributions can be made via a variety of displays including colour washes over image sections and
colour-coded isodose lines. Comparison of 3D dose plans can be difficult because multiple views of
the same plan are needed as well as simultaneous display of different plans. Dose-volume histograms
may prove to be the best method of summarizing this large body of information to allow comparison
and selection of the optimum plan.

At present the entry of localisation data is very slow and laborious particularly for the
clinician and 3D dose calculations are not generally interactive. However as 3D display techniques
improve and 3D planning programmes become simpler and faster it is hoped that they will provide
more accurate localisation of tumour and normal tissues and new ideas for beam arrangements,
enabling us to increase the radiation dose to tumours and decrease the dose to normal organs. Any
new developments need to be tested critically in terms of their ability to improve local tumour control
and decrease normal tissue morbidity in order to establish their value amongst the wealth of
technology now available for the improvement of clinical practice.
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TREATMENT SIMULATION

HJ. DOBBS
King's College Hospital,
London, United Kingdom

Abstract

Localisation using a simulator has become less important as the use of C.T. scanning and M.R.I, have taken over this role.
The use of the simulator is now essentially for defining simple palliative field arrangements and for verification of beam
arrangements for C.T. generated complex plans. Digital simulation and the generation of shielding blocks directly from
C.T. images do not allow for checking on the simulator. It is difficult to know as yet how accurate these C.T. generated
blocks will prove to be and care must be taken with interpretation of C.T. data and movement of patient organs. Beam's
eye view displays using C.T. data allow the patient's anatomy to be viewed from the therapy machine source position. This
view is limited because it is only a one field view and therefore does not show field overlap over critical structures. The
physician's eye view can see the result of multiple fields projected onto the anatomy of the patient. Developments in this
area will be discussed.

1. TREATMENT SIMULATION

Simulation is not a well-defined procedure and the role of the simulator in the treatment
planning process is becoming more controversial as new treatment planning tools are introduced. The
simulator unit can play a role in many phases of treatment planning including localisation of the target
volume and normal organs, definition of the beam arrangement, provision of orthogonal radiographs
for field shaping, and verification films for confirmation of field sizes and position of shielding
blocks.

Nowadays, most of the treatment planning information for radical radiotherapy is obtained
from computerised tomography (C.T.) data and the use of the simulator has changed considerably.
Where CT facilities are available, the Simulator is used in the definition of simple palliative field
arrangements where the localisation of bony structures is sufficient for demarcating the target volume
and the light field can be used to enable marks to be made on the patient's skin. Even with the
production of complex CT generated plans the simulator is needed to produce verification films to
confirm field size, position and shaping and for comparison with portal imaging. Most radical
radiotherapy treatments are now designed using CT data which is interpreted by a diagnostic
radiologist and then fed directly into a CT planning system. Three dimensional displays now allow
the use of CT data to be examined in different planes and using a beam's eye view (BEV) display,
different field arrangements can be compared during the planning stage of treatment.

There is no doubt that the development of beam's eye view displays, allowing the patients
anatomy to be viewed from the therapy machine's source, has made a dramatic impact on the
clinician's understanding of the 3D nature of target volumes which they are aiming to treat. After
years of perceiving the target volume as a 2D entity, clinicians and physicists alike are developing
expertise at visualising the target volume and normal structures in three dimensions, and this will
undoubtedly reveal new information about doses to normal tissues and dose inhomogeneities within
target volumes. A so-called "physician's eye view" can allow the result of multiple fields to be
projected onto the anatomy of the patient and many centres are developing representations which
literally allow the viewer to walk around the patient and view the field from any direction.
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2. LOCALISATION OF TARGET VOLUME

As imaging technology becomes more sophisticated, the clinician's role in defining the volume
is increasingly exposed as more a matter of art than science! The revised edition of ICRU Report 29
[3] has new definitions to aid the clinician in defining margins and improve the accuracy of the target
volume.

The revised ICRU Report 29 proposes that the palpable or visible extent of the malignant
tumour, evaluated by different imaging techniques, is defined at the Gross Tumour Volume. This
volume where applicable represents the part of the disease where the malignant cell concentration is
at its maximum. A margin is added around this tumour volume to include direct subclinical
microscopic spread. The size of this margin depends on the biology of the tumour and anatomic or
topographic considerations and results in the definition of a Clinical Target Volume (CTV) . In order
to allow for intrafractional as well as interfractional variations in geometry of the target volume, a
further margin is added to create the final planning target volume. This allows for variations in:

(a) movement of tissues or patient e.g. with respiration or swallowing;
(b) variation in the size and shape of the organ e.g. different bladder size due to urine volume

variability;
(c) variations in beam geometry characteristics, e.g. beam directions, sizes.

The planning target volume (PTV) is a geometrical concept (and is equivalent to the original
ICRU report 29 (1978) "target volume"). It is used to select the beam arrangement. The radiation
dose is prescribed to the planning target volume in order to achieve the required dose within the
clinical target volume in a homogeneous and consistent way. This is accomplished during a
fractionated course of radiotherapy because the PTV allows a margin for variations of movement of
the CTV within its boundary on a daily basis so that the overall result is achieved in the CTV.

One example of organ variability is that of the volume of residual urine in the bladder.
Radical radiotherapy for bladder carcinoma is frequently given over a six week daily fractionated
course. The patient is usually treated after micturition so that the target volume is as small as
possible. If these CT images are then used for beam shaping and blocking of surrounding small
bowel and rectum then one has to be certain that the site and size of the bladder are reproducible in
a very precise manner. CT studies were performed weekly during a fractionated course of treatment
on six patients and showed that the bladder volume as defined by CT may vary considerably and
randomly. The mean variation in the bladder volume after voluntary micturition for these patients
during a six week treatment course was 22%. Further studies like this are needed if CT is to be used
for field shaping and the use of portal imaging with good contrast resolution becomes essential to
verify the site and size of organs to be treated. It is essential that increasing attention is paid to the
definition of the target volume in each individual patient if we are to take full advantage of the
advances in dosimetry and on line portal imaging which are becoming available.

2.1. CT versus simulator

The basic requirement for radiotherapy treatment planning is to have a simulator with a
satisfactory method for taking body contours. In many centres, CT scanning has become the main
tool for radiotherapy treatment planning, but it does have limitations [1]. The size of the aperture
imposes restrictions on the position of patients for treatment for breast cancer and sometimes for
mantle irradiation. Patient data must be acquired under treatment conditions if it is to be used for
accurate dosimetry, whatever method of localisation is used.

A classic example of the target volume which still causes great controversy in the treatment
planning field is that of the intact breast in patients with early breast cancer. The use of the CT
scanner for treatment planning is hampered by the set-up for breast irradiation which frequently
requires that the patient is treated on a polystyrene wedge with the arm abducted, a treatment position
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which is rarely permissible on a CT scanner couch due to the small aperture [2]. Many centres
therefore use a simulator for treatment planning of the target volume. Ideally, one would like to have
a facility for both simulation and the collection of CT data to give details about the position of
glandular tissue of the breast, lungs and a cardiac contour for full dosimetric calculations.

Simulator-CT scanning with a CT facility attached to the simulator allows the acquisition of
data without the limitations of the aperture. However, contrast resolution is less satisfactory and is
restricted to providing accurate body contour and soft tissue/air interface such as in the chest, breast,
mediastinum [1]. For tumour sites such as the breast, lymphomas, total body irradiation, the
development of this modality would be ideal and it is to be hoped that scan times will be shortened
and resolution improved so that this facility can become widely available for these specialist sites.
A note of caution should be sounded in the generation of CT produced field shaping. The outlining
of the position of the field shaping blocks is completely dependent on the interpretation of CT data
and on the patients position being entirely reproducible between the time of collection of the data and
each fraction of radiotherapy treatment. Any movement of the patient or internal organs, or
misinterpretation of soft tissue masses on the CT scans between normal structures and tumour spread
will clearly lead to a risk of either inadequate shielding on the one hand or shielding of tumour
extensions on the other.

3. TREATMENT VERIFICATION

The verification step in the planning process uses high contrast images obtained on the
simulator to compare with portal imaging taken while the patient is positioned on the treatment
machine undergoing radiation. This procedure usually uses reference structures such as bone,
airways, metal clips which can be seen on both images to determine the correlation of the field sizes,
positions and shielding blocks. With increasing sophistication of on-line imaging capabilities, there
is now interest in making the comparison directly with CT information rather than using a radiograph
from the treatment unit simulator. It is important to remember that the CT scanner beam is not
divergent in the longitudinal plane, so the anatomical landmarks of a field on the CT topogram will
be different from those on an AP simulator film where there is full divergence. If the simulator is
used to localise the target volume and then to verify the dose plan then of course the field sizes on
the verification films will be larger because they represent the field arrangement necessary to give a
good dose distribution to the target volume. It is important to understand what verification simulator
films represent and not to expect them to match those taken for localisation. Complex CT generated
dose plans can only be verified on a simulator if the beams are coplanar, it is not possible to verify
non-coplanar beams in this way.

4. CONCLUSION

In any particular radiotherapy department the choice of equipment used for localisation will
depend on the workload and spectrum of patients and tumour sites to be treated, the techniques
employed in planning and irradiation and the resources available. It is to be hoped that the wealth
of sophisticated technology now available will encourage the use of different treatment techniques and
the exploration of new modes of therapy.
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Abstract

Rival radiotherapy plans can be compared according to the associated complication-free tumour control rate which may be
defined in terms of a utility function represented by the product of the TCP and the probability of escaping serious
complications. Dosimetric uncertainties reduce the steepness of both the CP and TCP curves to an extent that depends on
the standard deviation of the dose distribution and the steepness of the idealised dose-response curves assuming both
dosimetric and biological homogeneity. The net result is reduction in the utility function. Mathematical models are
developed to describe the results of uncertainties in physical dose delivery on both the idealised TCP and the CP. Such
models can be incorporated within three-dimensional computer treatment planning systems.

1. INTRODUCTION

The merits of a given radiotherapy plan should be ultimately judged on the basis of both the
tumour control probability (TCP) and the probability of having serious complications (CP). If the
probability of a complication after a precisely measured and a homogeneously delivered dose (D) is
CP(D), the probability of not having such a complication would be 1-CP(D). In a given radiotherapy
plan there might be more than one tissue at risk for a serious complication. If the probability of
having the jth complication is CPj(D), the probability of its non-occurrence would be l-CPj(D) and
the probability of not having any complication is given as:

Complication-free probability = n [l-CPj(D)] (1)
j

If the TCP associated with the same dose (D) is TCP(D), we can then define a utility function
<U(D)> that gives the probability of uncomplicated tumour control after an ideally accurate dose
(D)as:

<U(D)> = TCP(D). R [(l-CPj(D)] (2)

j

In the present discussion we need only to consider serious complications which dramatically alter the
patient's life status or are life threatening. We avoid, therefore, the need for scoring the relative
gravity of the complication which is often based on subjective judgement. The most important serious
complications include myelopathy, brain necrosis, cardiomyopathy, pneumonitis, rectal ulcers or
stenosis, oesophageal ulcers or stenosis, intestinal obstruction, internal fistulae, bilateral renal damage
... etc.

The utility function as defined by Eq.2 may be used for comparing different rival radiotherapy
plans [1,2]. For this we need to consider:

(a) The shape of the dose-response curve of normal tissue damage as well as of tumour control.
(b) The influence of dosimetric uncertainties which may arise during the different steps of the

radiotherapy procedure on both the TCP and the CP.
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2. THE DOSE-RESPONSE RELATIONSHIP OF NORMAL TISSUE DAMAGE

A typical dose-response curve of a normal tissue reaction is sigmoidal with a threshold. A
number of mathematical models may be used for the representation of the sigmoidal curve [3,4], but
they are not necessarily clinically distinguishable [4,5]. The logistic model is adopted in the present
discussion as it is appropriate for describing severe or life-threatening normal tissue injury since they
may be evaluated as having occurred or not regardless of any grade of severity. Such responses are
referred to as binary, quanted or all-or nothing responses [6] and are the ones with which we are most
concerned when comparing rival plans as mentioned before.

We will first consider the case when an entire organ or a reference volume Vo, for which a
dose-response relationship is known, receives a homogeneous dose (D). In this case, the complication
probability is designated CP(D,1) which, according to the logistic model, is given as:

CP(D,1) =

where D» is the dose that would induce damage in 50% of the treated patients and k is a constant
related to the steepness of the dose-response curve and the slope at D=DX is k/4Djo [4,7]. The value
of k can be obtained by fitting actual clinical data of normal tissue damage. In case of absence of
detailed data two points on the logistic curve may be sufficient for computing k [4]. For this purpose,
published tables giving the tolerance dose (TD) for uniform whole or partial organ irradiation may
be used [8,9]. Such tables site two TD levels: TD5/5 (the dose corresponding to a 5% probability of
having a serious complication within 5 years) and the TD^ (the dose corresponding to a 50%
probability in 5 years) when using conventional fractionation. The tables also give the irradiated
volume of the organ or tissue volume to which the TD values pertain and this will be subsequently
referred to as the "reference volume". In more recently published extended and up-dated tables some
organs are arbitrarily divided into three categories: one-third, two-thirds, and the whole organ and
a TD is assigned to each of these reference volumes [10]. In some tissues such as the spinal cord,
the TD values are cited for reference lengths (10 and 5 cm) instead of volumes. A reference area of
100 cm2 is usually taken for skin. It should be remembered, however, that the TD data cited in these
tables are based on values derived from different sources and are not, therefore, sufficiently accurate.

Unless actual clinical data are available, the published TD^ and TDx/5 values for a given
reference volume may be assumed to represent two points on a logistic dose-response curve and k is
calculated as follows:

In 19
k= ________

InCTDso/TDosO

3. INFLUENCE OF THE IRRADIATED VOLUME AND DOSE INHOMOGENEITY ON THE
COMPLICATION PROBABILITY

The present discussion focuses on the influence of the treated volume and the distribution of
the absorbed dose on the complication probability assuming that fractionation and other factors
influencing the tissue responses are constant.

As mentioned above, CP(D,1) gives the complication probability when a whole organ or a
reference volume V0 (such as one lung lobe or a 10 cm segment of the spinal cord) is homogeneously
irradiated to a dose (D) and its value can derived from Eq.3 and Eq.4 using actual clinical data or
published normal tissue tolerance tables [8-10]. We have then, to develop a formalism that expresses
the complication probabilities when smaller volumes are irradiated in terms CP(D,1). The models
adopted in this presentation [4,7,9] are based on two main assumptions:
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(a) The probability of inducing damage in an organ is related to the probability of induction of
local inactivation events within the organ itself without consideration of any synergistic or
cooperative mechanisms with the surrounding tissues.

(b) If an organ is composed of a number of small sub-volumes, the probability that the organ
escapes damage is proportional to the probability that none of the sub-volumes sustain an
inactivation event.

If a partial volume V is homogeneously irradiated to a dose (D) and if we let v=V/V0 then
the probability CP(D,v) of inducing the same type and degree of damage in this partial volume v can
be given as [4]:

CP(D,v)= (5)

This means that, for a given response, the probability of damage in a partial volume v due to a
homogeneously distributed dose (D) can be derived from CP(D,1) which is the dose-response function
for the entire organ or a reference volume. For small complication probabilities (CP<0.10), Eq.5
reduces to a simpler form:

)* v.

This means that, for small complication probabilities, CP is a linear function of the irradiated volume
[4,7,9].

Obviously the assumption of a homogeneous dose delivery to the entire target volume is
unrealistic. Uncertainties in absorbed dose delivery can arise during the various steps of the
radiotherapy procedure and lead to a heterogeneous dose distribution. Under such circumstances we
may assume that the partial volume v is made of a large number of small sub-volumes. If each small
sub-volume i is irradiated uniformly to a different dose D; and has a volume dvi5 then the probability
of damage in the jth sub-volume is expressed as:

CP(Di,dvi)= 1 - [1 - CPCDi, l ) ]dvi (7)

where CP(D;,1) is the complication probability when the reference volume is irradiated uniformly to
a dose D;. If {D} represents the dose distribution in the partial volume v, then the complication
probability in the partial volume v is given as:

CP({D},v)= l- u [1 - CP(Di , l ]dvi (g)

where the product is taken over all irradiated sub-volumes dv; (4,7).

The dose distribution in an organ can be determined from multiple CT slices and
three-dimensional computer planning calculations at a point using a grid [3,11,12]. The small sub-
volume dv; may be assumed to surround each grid point. D; is computed for each grid point and the
corresponding CP(Dj.l) is calculated using Eq.3 or any other available dose-response function
[3,12,13]. The CP in the partial volume v may be then derived using Eq.8.
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Fig. 1. Dose-volume histogram for the liver obtained from a 3-dimensional dose distribution. (a)1he
dotted lines are isodose lines in one plane, (b) A differential dose-volume histogram derived from a
complete set of isodose mapping in different planes. The fraction of the volume having a dose be-
tween Di+i and D, is designated V(Di) and is represented by the height of the vertical bar drawn at
the mid-interval. (c)The equivalent integral cumulative dose-volume histogram giving the fraction of
the organ having a dose Di or more (modified from Lyman, 1987(3]). (d) Reduction of the multi-step
histogram into the equivalent uniform single-step histogram of height Veff and dose D,^. Reduction
is done one step.each time. The final single-step histogram has the same CP as the original multi-step
histogram.

These computations may be simplified by making use of the 3-dimensional dose distribution
calculations to construct a dose-volume histogram similar to that shown in Fig.l [3]. In such a
histogram, the fraction of the irradiated volume dv; receiving a dose between D;,i and D, is calculated
as indicated in Fig.lb. Alternatively the equivalent multi-step cumulative (integral) dose-volume
histogram may be calculated to give the fraction of the organ volume having a dose D; or more
(Fig.lc). A successive reduction process can be applied to such a multi-step histogram to reduce it
one step at a time, until a uniform single step histogram remains with height Veff (effective volume)
and dose D,,̂  (Fig. Id). The transformed single step histogram with a unique CDnaK, Veff) point is as-
sumed to have the same CP as the original multistep histogram [14]. The CP corresponding to this
unique point corresponds to the CP when a partial volume Veff is uniformly irradiated to a dose D^
and this gives an estimate of the complication probability induced by the given dose distribution.
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The probability that the organ escapes damage is:

1 - CP({D},v) = H [1 - CP(Di,l)]dvi (9)

If CP is small (<0.10), the same type of approximation made in Eq.6 can be applied in Eq.8 to get:

CP({D},v)= 2 dVi.P(Di, l) . (10)
i

We have now to consider the possibility of more than one complication. If CPj is the probability of
induction of the jth complication then the total probability PT is given by:

PT=1 - On [1 - PjCDi,!)]^!

where the products i and j are taken over all sub-volumes and organs respectively. The probability
of the organ escape all complications is:

I-PT = nil [1 - P j (Di , l ) ]dv i (12)

For small probabilities Eq. 1 1 can be reduced to:

PT= 2 dvi.P^Di,!)

An alternative formalism may be used to account for the change in the CP due to uncertainties
in dose delivery resulting from calibration, dosimetric, patient positioning and other errors leading
to a heterogeneous dose distribution [ 1] . The resulting realised dose distribution (D') will differ from
the intended prescribed (D). If the factors responsible for these errors are random and additive, the
distribution of such differences may be, then, described in terms of a normalised Gaussian distribution
function characterised by a standard deviation, a, which gives the spread of this distribution [1]. If
(f) represents the probability to find a dose, within the target volume, lying between D' and D' +dD'
and if D is the intended dose, then according to the normalised Gaussism distribution:

i
f(D - D') = ——— exp [-(D - D')2/2cr2]dD'

Uncertainties in dose delivery leading to a heterogeneous dose distribution result in reduction in the
slope of the CP-curve based on ideal radiation conditions. Considering uncertainties in dose delivery
alone and assuming that radiobiological characteristics of the normal tissues are precisely known, then
the complication probability CP(D) in the presence of dosimetric uncertainties is given as:

oo

f
CP(D) = I CP(D')*f(D - D ' )dD ' . (15)

J
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from which the complication-free probability will be [1 - CP(D)]. It should be noted that this
alternative formalism does not have an explicit dose volume function [1].

The complication-free probability given by either Eq.12 or Eq.15 may be then multiplied by
the tumour control probability to give the utility function or the complication-free tumour control
probability represented by Eq.l as discussed below.

4. THE TUMOUR CONTROL PROBABILITY AND THE UTILITY FUNCTION

Ideally, for the purpose of comparing the merits of rival plans, we should calculate both the
TCP and the CP for each plan taking into account the dose distribution realised in each case. For
simplicity and in case that all plans involve the delivery of the same tumour dose, we may assume
that the TCP is the same for all plans and base the comparison on the probability of a
complication-free outcome as predicted by either Eq.12 or Eq.15. This approach may be justified by
the fact that normal tissue damage is the dose-limiting factor in most clinical situations. It may be
desirable, however, to calculate a more comprehensive utility function based on the complication-free
probability as well as an the TCP. For this we have to use more sophisticated models giving the
impact of uncertainties in physical dose delivery on tumour control analogous to those developed for
normal tissue damage.

Under idealised conditions of both dose and biological homogeneity, the TCP is best described
in terms of a model based on the parameters of the dose-survival curve of tumour clonogens and
assuming a Poisson distribution for the surviving tumour cells [9,15,16]. The idealised dose response
curve for tumour control is relatively steep. As in the case of the dose-response curve for normal
tissue damage, uncertainties in dose delivery result in a reduced steepness of the TCP curve. The
degree of reduction in the TCP depends on the steepness of the idealised curve and the standard
deviation of the combined dosimetric errors [9,15,17]. Two models for the expression of the TCP
under conditions of dosimetric uncertainties will be outlined in this section.

(a) If the distribution of the dosimetric errors follows the same pattern given by Eq.14 [1], the
TCP can be expressed as:

f
TCP(D) = j TCP(D')*f(D-D')dD

J (16)

A utility function < U(D)> giving the probability of uncomplicated tumour control is then given as:

<U(D)>= TCP(D).[l-CP(D)j (17)

The dashed sigmoidal line on the left of Fig.2 [1] represents the idealised TCP curve of a tumour of
a certain size (number of clonogens) and with certain dose-survival characteristics. The dashed
sigmoidal curve on the right gives the response curve for the critical normal tissue assuming a
complication rate of 5% at a dose of 50 Gy and of 50% at 60 Gy. The continuous line gives the
utility function calculated according to Eq.17. The <U(D)> in this example reaches its maximal
value of 0.61 at a dose of 55 Gy. Obviously the wider the separation between the two dashed curves
the greater the maximal utility. Fig.3 [1] illustrates the dependence of the utility function on the
standard deviation of the dose distribution. The utility function decreases with increases in the
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Fig. 2. The dotted line on the left gives the TCP as a function of dose while the dotted line on the
right is the dose-response curve for the dose limiting complication. The intermediate solid line gives
the utility function calculated according to Eq.17 (Modified from Boyer and Schultheiss [11).
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Fig. 3. The utility function for standard deviations of 1, 5 and 10 Gy for a tumour of fixed
dose-survival characteristics and clonogenic cell number and a normal tissue having a TD50/5 of 60
Gy. An increase in the standard deviation leads to lowering of the peak value of the utility function
(Modified from Boyer and Schultheiss [1]).
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standard deviation i.e. with increasing dosimetric uncertainties. For a standard 60 Gy radiotherapy
schedule, the utility function would increase by 9,% by reducing the standard deviation of the dose
distribution from 5 to 2.5% i.e. from 3 to 1.5 Gy. This means that the utility function increases by
2% for each 1% increase in dose precision.

(b) The influence of dosimetric errors on the TCP can be also formulated in terms of the
steepness parameter of the tumour control curve, the mean dose in the target volume and the
standard deviation of the dose distribution [14,16]. For this purpose,the normalised dose
gradient, gamma, is an appropriate steepness parameter and is defined as (gamma=
dP/(dD/D) [9]. This model has been discussed in detail in a previous presentation [18].
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Abstract

From August 1990 to February 1991 a dosimetry intercomparison of breast treatment was performed at all 21 radiotherapy
centres in The Netherlands. In three planes inside a breast phantom the absorbed dose was measured during tangential
breast irradiation, according to a prescribed technique. The beam energy could be chosen by the radiotherapy centre as
normally applied for this type of "patient" and varied between ""Co and 8 MV X rays. The dose measured by the visiting
team in 22 points inside the phantom was compared with the dose calculated by the institution using their local treatment
planning system. The mean ratio of the 22 calculated and measured dose values varied between 0.92 and 1.08 with an
overall mean ratio of 1.04. There was no significant difference between the three planes. In the isocentre the mean ratio
of calculated and measured dose was 1.021 with a standard deviation of 0.028, i.e. the algorithms in the six different
commercial treatment planning systems calculate the dose generally somewhat too high. In order to explain the results, a
measurement of the output under reference conditions was performed at each treatment unit. The mean ratio of the dose
stated by the institution and the dose measured by the visiting team was 1.011 with a standard deviation of 0.015 with a
maximum deviation of 0.040. This explains therefore only part of the variation in the ratio of calculated and measured dose
for tangential breast irradiation. In several institutions large deviations between the actual beam data and the beam data
implemented in the planning system were found, which was the main reason for the observed discrepancies.

1. INTRODUCTION

For the treatment of breast cancer, including breast conserving therapy as applied in a large
number of stage I and II breast cancer patients, irradiation with tangential fields is an important part
of the treatment. The shape of the irradiated volume, the presence of lung and the use of wedges in
the beam are complicating factors in the dose calculation of tangential fields. Investigation of the
accuracy of tangential breast treatment is therefore worthwhile.

The purpose of this investigation is to assess deviations between calculated and measured dose
values at several points inside a breast phantom in all radiotherapy centres in The Netherlands. If
large discrepancies were observed, additional measurements and calculations were performed to trace
the origin of the discrepancies. A more extensive description of this dosimetry intercomparison can
be found elsewhere [1].
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2. MATERIALS AND METHODS

In this investigation a dosimetry intercomparison was carried out from August 1990 to
February 1991. In all 21 radiotherapy centres the dose calculation for tangential breast treatment has
been verified by measurements made in an anthropomorphic phantom. In addition, the dose in a
phantom under reference conditions as prescribed by the NCS-code of practice [2] was determined.
This was done in every institution for the same photon beam as applied in that particular centre for
the irradiation of the anthropomorphic phantom. The dose measurements were performed in each
institution by the same visiting team (two persons) using the same equipment.

21 institutes 2 = 0

1 05
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in lung behind lung !

1 2 3 - 4 5 6 7 8 9

point of measurement

Fig.l. The contours of the breast phantom for the plane z = 0 cm with the points of measurement
and the ratio of calculated and measured dose. The symbols, belonging to one particular
institution, are connected by a straight line.
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Fig. 2. The contours of the breast phantom for the plane z + 4 cm with the points of measurement
and the ratio of calculated and measured dose. The symbols, belonging to one particular
institution, are connected by a straight line.
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21 institutes 2 = -6
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Fig. 3. The contours of the breast phantom for the plane z = - 6 cm with the points of
measurement and the ratio of calculated and measured dose. The symbols, belonging to one
particular institution, are connected by a straight line.

Table I

The planning systems and photon beam energies used in this investigation. In every institution the
irradiation of the breast phantom and the output measurement were performed at the same irradiation
unit and energy.

1
| Planning system

i oss
| LPS
| SIDOS, Mevaplan
1 Theraplan
! NPS
j Target
i

Company

Philips
Linden
Siemens
Theratronix
Nucletron
General Electric

Number

7
3
6
2
1
2

Photon beam quality

cobalt
4MV
5MV
6MV
8MV

Number

2
6
3
6
4

The phantom used during our study was a breast shaped mould model made of polyethylene.
In prone position the mould could be filled with water allowing access for the placement of a small
ionization chamber. Inside the mould a cork lung was placed with a density of 0.25 g/cm3. A set
of CT scans was obtained for this breast-lung phantom thus allowing the use of precise patient
contours as input in the planning system for dose calculations. The scans were taken in the intended
planes of measurement with z =0, +4 cm and -6 cm off-axis (z = 0 is the central plane which
includes the isocentre and the z axis points in the cranial direction). The 22 points of measurement
were chosen in areas with a relative low dose gradient to minimize the effect of positioning errors
(figures 1-3).

In each institution, the breast phantom was irradiated in the prone position under prescribed
conditions. The technique was isocentric using two fields with a nominal wedge angle of 15 degrees
of the nearest value. Some weeks before the visit, the contours in the 3 planes of measurements were
sent to the institution. In these contours the planned points of measurement were indicated and the
centre was asked to calculate the dose in these points with their planning system (table I), using the
parameters of the prescribed irradiation. The measurements were performed with a small ionization
chamber. In every point in the phantom the dose was measured and compared with the dose
calculated by the institution.

253



Each institution was asked to measure the reference absorbed dose applying their own
procedure immediately before or after the measurement performed by the visiting team. When their
reference conditions were different, the measured absorbed dose was converted to a value which
corresponds to the absorbed dose under the reference conditions according to the NCS code of
practice. Of all radiotherapy centres in The Netherlands, 15 institutions used in 1990 the NCS-code
of practice, 3 used the NACP-protocol, 2 used the ICRU-14-protocol and 1 centre applied Fricke
dosimetry.

3. RESULTS

In 15 institutions the absolute dose was calculated with a lung density correction and in 6
institutions without lung correction. The deviations between measurements and calculations vary
between -10% and +10% (figures 1-3). The mean ratio of the 22 calculated and measured dose
values varied between 0.92 and 1.08 with an over-all mean ratio of 1.04. No large difference was
observed in the magnitude of the deviations in the three planes. For the isocentre (point 3 in z = 0)
the deviations vary between -5% and +6% with a mean ratio of 1.021 and a standard deviation of
0.028. The ratio of calculated and measured dose in one particular institution varies within a band of
about 4% when lung correction is used and within a band of about 8% when no lung correction is
used.

The ratio of the intended output, i.e. the dose used for routine calculations by the institution
and the reference dose measured by the visiting team is 1.011 with a standard deviation of 0.015 and
a maximum deviation of 0.040 (figure 4).
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Fig. 4. Frequency distribution of the ratio of the output used by the institution for routine dose
calculations relative to the output measured by the visiting team for all 21 radiotherapy centres in
The Netherlands.
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4. DISCUSSION

The deviations between calculations and measurements as observed during the irradiation of
the breast phantom can be attributed to: 1. the uncertainty in the calculated dose and measured dose;
2. the limitation in the accuracy of the dose calculation algorithms; 3. the difference between the
actual output of the treatment machine and the output used for dose calculations; 4. software errors;
5. the difference between the actual beam data and the beam data implemented in the planning system.
These causes will be elucidated firstly. In addition, the homogeneity of the measured dose in the
breast will be discussed.

By irradiating the phantom several times within periods of weeks at one accelerator we found
a reproducibility of the measurements of about 1%, 1 SD. By planning the treatment several times
(from contouring to calculation) we found a reproducibility in the computed dose distribution of about
1%, 1 SD. This gives a total uncertainty in the ratio of calculated and measured dose values of about
1.4%, 1 SD.

The six commercial treatment planning systems used in The Netherlands so far are
conventional 2-D type of planning systems, i.e. no sophisticated 3-D dose calculation algorithms are
used. At the isocentre the dose value is estimated to be about two percent too high on the average,
due to the algorithms alone and depends slightly on the planning system and the beam quality. This
estimation followed from the results presented in figure 1 and on the comparison between
measurements and calculations in the corner of a rectangular water phantom as presented elsewhere
[3]. The algorithms for calculating the dose under oblique incidence conditions generally overestimate
the dose in most of the points considered in the breast phantom with a few percent {4]. The limitation
of taking the scattered compound of the dose adequately into account for oblique incident beams is
probably the second reason for the deviation between the average measured and calculated dose
values.

The calculation of the dose behind the lung generally yields also too high values [e.g. 5,6].
In combination with other errors, the dose behind the lung can be too high up to 10% (e.g. see points
1 and 9 in Figure 1). In 14 institutions a lung correction was applied with the effective path length
method while 1 institution used the power law (Batho) method. Behind the lung this algorithm gives
somewhat better results than the effective path length method, but inside the lung it predicts a too
large dose value (see point 6, Figure 1). Such a difference was also found by other groups [e.g. 5,
6J. Six institutions did not apply a lung correction. This is one of the reasons for the large variation
in the results for points in or behind the lung. A more extensive discussion on the use of a lung
correction factor during tangential breast treatment has been given elsewhere [7].

In summary, the 2-D algorithms applied to calculate the dose during tangential breast
treatment yield values which are a few percent too high in all points of measurement. A similar
observation has been made by others [8]. Consequently, the deviations between calculated and
measured dose values can partly be explained by the limited accuracy of the algorithms implemented
in the planning systems. The maximum and minimum deviations are, however, about 10%. This
indicates a larger variation than can be expected from the limited accuracy of the algorithms. The
variation in the ratio is the smallest at the isocentre for all points of measurement (figure 1). This
supports the ICRU recommendation to use this point for dose specification purposes [9].

From the results of the study of the output under reference conditions (figure 4) it follows that
the difference between the actual output of the treatment unit and the output used for the dose
calculations can only for a small part explain the large variation in the ratio of calculated and
measured dose for tangential breast irradiation.

Software errors might also result in errors in the calculation of the dose. In one institution
the lung correction was not calculated correctly. After correction of the algorithm by the
manufacturer the calculated dose changed up to 6% in points behind the lung. In another institution
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the beam data implemented in the planning system were derived from rectangular fields instead of
quadratic fields which resulted in errors in dose calculations (2.5% at the isocentre).

From a more detailed study of the deviations observed in some institutions, it could be
concluded that the difference between the actual beam data and the beam data implemented in the
planning systems is one of the main reasons for the large variation in the results. It seems therefore
advisable to check the beam date frequently, as recommended in most quality assurance protocols.

5. CONCLUSIONS

This dose intercomparison has shown to be an effective tool in tracing a number of deviations
between the prescribed dose and the dose delivered to a patient during tangential breast treatment.
A large variation has been observed between the various institutions. A comparison between
calculated and measured dose values in different points in a breast phantom during tangential
irradiation shows deviations between -10% and +10%. Considering only the dose at the isocentre,
the discrepancies vary between -5% and +6%. These deviations are partly explained by the limited
accuracy of the algorithms which calculate the dose generally a few percent too high. The output of
the treatment unit has also contributed to a small extent to these discrepancies. In some institutions
however, errors in beam data implemented into the planning system (e.g., FDD, beam profiles or
wedge factor) cause the largest part of the deviations observed in this investigation. These errors may
partly compensate each other, but they sometimes may accumulate resulting in unacceptable large
errors as demonstrated in some institutions.

The rather unexpected large difference between measured dose values and dose values
calculated by the various institutions demonstrate the need for adequate quality control of the beam
characteristics of the accelerator, particularly of the beam data present in the treatment planning
system. The results of this intercomparison also show the usefulness of a quality audit by an
independent group of observers.
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POSSIBILITIES AND LIMITATIONS OF IN-VIVO DOSIMETRY

B.J. MIJNHEER
The Netherlands Cancer Institute,
Amsterdam, Netherlands

Abstract

A survey is given of the practical problems, limitations and potential of in vivo dose measurements. Practical problems
related to the use of build-up material for entrance dose measurements, the lack of backscatter for exit dose determination
and the derivation of the target absorbed dose from entrance and exit dose values, are summarized. The limitations of the
dosimetry systems, such as the frequency of calibration and the large number of correction factors, have been elucidated.
A number of groups applying in vivo dosimetry have detected serious errors in the dose delivery to patients. Part of these
errors are human mistakes in the setup of the patient, of beam modifying devices and of wrong machine settings.
Systematic errors in the irradiation procedure have also been detected with in vivo dose measurements. These errors were
related to machine performance, the dose calculation procedure and the patient set-up. For all these applications it has been
shown that in vivo dosimetry is a useful tool in the quality assurance programme of a radiotherapy department.

1. INTRODUCTION

There are many steps in the chain determining the dose delivery to a patient undergoing
radiotherapy. Each of these steps may introduce an uncertainty. It is therefore worthwhile, and
sometimes even necessary, to have an ultimate check of the actual treatment by using in vivo
dosimetry. In vivo dose measurements can be divided into entrance dose measurements, exit dose
measurements and intracavitary dose measurements. Entrance dose measurements serve to check the
output and performance of the treatment apparatus as well as the accuracy of patient set-up. Exit dose
measurements serve, in addition, to check the dose calculation algorithm and to determine the
influence of shape, size and density variations of the body of the patient on the dose calculation
procedure. Sometimes it is also possible to determine the intracavitary dose in readily accessible body
cavities such as the oral cavity, oesophagus, vagina, bladder and rectum. It should be noted that the
definitions of entrance and exit dose may differ from that of the surface dose (see figure 1).

There are various ways to derive the target absorbed dose from a combination of entrance and
exit dose measurements. By taking the mean value of the entrance and exit dose, significant
differences with the actual midline dose may occur (figure 2). A better method is therefore to relate
the ratio of exit and entrance dose with the ratio of midline and entrance dose (figure 3).

2. TLD

One of the two techniques that is most often employed for in vivo dosimetry is the use of
thermoluminescence dosimeters (TLD). The advantages of TL dosimeters are well known: their
relatively small energy dependence (in the megavoltage energy range) and their small size without any
cables to reading (or HV) equipment. Although there exists a vast amount of information on the
theoretical aspects of TLD [e.g. 1], only limited information is available about details concerning the
practical aspects of the use of TLD [2, 3], In order to obtain a high accuracy and precision when
using TLD in the clinic, a number of tests is required as discussed in these reports. These tests
concern the determination of the variation of the sensitivity of dosimeters, the determination of the
loss of signal due to fading, the check of the constancy of the reader and other characteristics such
as the energy dependence of the sensitivity. One of these tests refers to the relationship between dose
and TLD reading. As has been observed by various authors, supralinearity in the response of several
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Fig.l. Percentage depth dose curve of a 10 cm x 10 cm field for an 8 MV X-ray beam illustrating
the definitions of entrance and exit dose. Full line: without backscatter material; dashed line, with
full backscatter.

g 1.25
'S
l
g 1.20
(0o>
X 115

1.10

1.05

1.00

0.95 Co-60 4 MV

D 5cm x 5cm
A 10cm x 10cm
o 20cm x 20cm

8 MV 16 MV 25 MV

0.55 0.60 0.65 0.70 0.75 0.80 0.85
quality index

Fig. 2. Ratio of mean value of entrance and exit dose to midline dose as a function of the quality
index of photon beams.

260



RELATIVE TL-INTENSITY O«}' Midline Dose / Entrance Dose

m
~̂nm
ID
ï>
—H
CI
3Dm

o

NJ

t-̂  ro unro ai o en o
en o o o o
o o o o o
en ci en CD CD

I

ï

I
I
o'

s;-

1

!

mx

Uo
$

m

o
0)

oo(/)
(D



§ 150

I 140

Oor 130

l 120
S.9

"cöu

100

90

o
oo

O ÖD Q

' O

D
O

100 200

J?

300 400 500 6OO
time(days)

Fig. 5. Exit dose calibration factors oftwop-type diodes as a function of time.

>»
*-t

l 3.10

§ 2.80
l
•g 2.50

2.20

1.90

1.60

1.30

1.00

0.70
0.01

o entrance
G exit

0.1 1 10
mean photon energy(MeV)

Fig.6. Relative sensitivity ofp-type diodes versus the mean photon energy.

262



» 1.03
0>

1.02

1.01

1.00

0.99

0.98

0.97

0.96

0.95 L

all EDP's
• perpendicular!
O longitudinal j 0.

-80 -60 -40 -20 0 20 40 60 80
angle of incidence of photon beam(degrees)

Fig. 7. Angular dependence of a p-type diode.

TLD materials occurs [11 even at doses as small as about 25 cGy (figure 4). From the available
information it can be concluded that each TLD user should determine for her/his own TLD material,
read-out equipment and anneal procedure the optimum procedure to obtain the highest accuracy and
precision.

3. SILICON DIODES

An important disadvantage of the use of TLD is the delay between the irradiation and the
result. For that reason silicon diodes, mainly p-type semiconductors, are nowadays also applied in
a number of institutions for in vivo dosimetry [4-7]. Due to the damage to the diode caused by
irradiation, some properties will change with integrated dose. For this reason the calibration factor
will, for instance, gradually change with time (figure 5). Three basic physical properties of diodes
are important for their clinical use: the energy dependence (figure 6), the temperature dependence,
and for some diodes the dose per pulse dependence of the sensitivity. In addition, the angular
dependence (figure 7) and the distance between the diode and the patient's skin, particularly at the
exit side, are important but give rise to negligible or small corrections if the diodes are positioned in
the proper way. The energy and dose per pulse dependence do, however, require small correction
factors for changes of the calibration factor with field size, SSD, patient thickness and the presence
of the wedge. Because not all diodes behave in a similar manner, even if they belong to the same
badge, these correction factors have to be determined for each diode. The use of diodes with build-up
caps introduces a dose reduction of about 5% in the shadow of the diode.
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4. POSSIBLE RESULTS

A very common use of in vivo dosimetry is the determination of the dose to a point in a
patient outside the target volume. The dose to the eye, spinal cord or rectum might be important if
the target volume is situated close to these organs. Even if this distance is large, it is sometimes
necessary to determine the dose delivered to the patient, e.g. the dose to the abdomen in case of
treatment of a pregnant woman. Usually the accuracy for this type of in vivo dose measurements
needs not to be very high.

Most in vivo dosimetry measurements are, however, performed to check the dose to the target
volume. The philosophy behind these measurements is, however, different. Several types of errors
can be detected by means of in vivo dosimetry. These errors can be related to the overall accuracy,
to equipment performance, to patient set-up or to inaccuracies in the dose calculation algorithm.
Some examples will be given in this paper. A more extensive discussion can be found elsewhere [8].

In order to check the overall accuracy, in a number of institutions, particularly in Scandina-
vian countries, entrance dose measurements using silicon diodes are performed at least once and
sometimes rather often, during each treatment series (Table I). Deviations larger than 3% from the
prescribed dose are considered to be meaningful for Co-60 gamma radiation whereas the
corresponding figure for high-energy X rays is 5%. These action levels are often chosen for an
analysis of the observed discrepancies.

Another application of entrance dose measurements is the check of equipment performance.
When an accelerator is, for particular reasons, not very stable, the difference between actual and
intended dose values can be quite large (Table II). Entrance dose measurements will demonstrate
these differences, which may occur under specific gantry angles while the routine output check, under
zero degree gantry angle, does not reveal any peculiarity [9].

The immediate availability of the dose value while the patient still is in treatment position,
offers a possibility to trace directly the origin of a discrepancy between measured and intended dose
[5]. In this way inaccuracies of external contours and errors in patient set-up, e.g. mistakes between
isocentric and fixed.SSD techniques, can be discovered and may result in modification of the
treatment technique.

By combining in vivo entrance and exit dose measurements with phantom measurements it is
possible to separate the influence of machine performance, patient contour (and density) and
inaccuracies of the dose calculation algorithm in the treatment planning systems (Table III). If new
treatment techniques are introduced in the clinic it is recommended to perform extensive quality
assurance measurements, including in vivo dosimetry and portal imaging. A combination of in vivo
dosimetry and portal imaging is useful in assessing the exact position of the diodes with respect to
each other and to anatomical structures in the field (figure 8).

Another important application of in vivo dosimetry is during total body irradiation (TBI). In
a similar way as under conventional treatment conditions, the dose distribution varies as a function
of a number of parameters such as beam energy, SSD and patient diameter. However, most
commercial treatment planning systems cannot calculate the dose under TBI conditions in a reliable
manner. Consequently, it will be difficult to predict the actual dose delivered to the patient in the
points of interest, e.g. to the lungs. Moreover, patient movement will influence the actual position
of the patient under the sometimes special circumstances required for TBI. It is therefore
recommended to use in vivo dosimetry for determining the actual dose to the patient during TBI. In
some institutions dosimeters are read out after part of the TBI treatment is given to the patient. The
remaining dose is determined on the basis of the results of these in vivo dose measurements.
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Table I

Characteristics of frequency distributions of the ratio of measured to prescribed dose for
entrance dose measurements with diodes for various radiation qualities (from Nilsson et al [6]).

Radiation quality Mean Standard deviation Number of measurements

Co-60 (open fields)
Co-60 (wedged fields)
6 MV (open fields)
6 MV (wedged fields)
21 MV (open fields)
21 MV (wedged fields)

0.990
0.972
1.011
0.968
1.005
0.982

0.021
0.022
0.043
0.064
0.046
0.067

458
251
870
310
611
194

Table II

Differences between measured and prescribed entrance dose
values for various types of patient treatment determined during one
afternoon session at an unstable accelerator (from Bascuas et al. [9]).

Type of field Difference between measured and
prescribed dose (in percent)

Pelvis (AP) +3.6
Pelvis (lateral) -28.8
Pelvis (lateral) -17.4
Pelvis (PA) +7.1
Thorax (PA) +6.3
Thorax (AP) +8
Various (PA) +19.5
Thorax (PA) +10.9
Thorax (AP) +0.2
Thorax (AP) +6.3
Thorax (PA) +4.8
Thorax (AP) +0.8

Table III

Deviations between the dose calculated by a treatment planning
system and the dose measured in a phantom, for the lateral fields
of pelvic irradiations (from Heukelom et al. [7]).

Output calculation
Output factor - 1.6%
Collimator exchange effect -1.0%
Wedge factor (field size) - 2.0%
Wedge factor (SSD) - 1.0%

Calculation of the depth dose distribution
entrance point isocentre exit point

PDD wedged beam +1.0% -1.6% -4.1%
Lack of backscatter - - + 1.3%

Overall difference - 4.6% - 7.2% - 8.4%
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Fig. 8. Portal image of a prostate treatment, using a partially shielded field, with two diodes and
a marker inside the central fields.

5. CONCLUSIONS

A number of errors in the dose delivery to patients can be detected by means of in vivo
dosimetry. Part of these errors are human mistakes in the set-up of the patient, of beam modifying
devices and of wrong machine settings. Systematic errors related to machine performance, the dose
calculation procedure and the patient set-up have also been detected with in vivo dose measurements.
For all these applications it has been shown that in vivo dosimetry is a useful tool in the quality
assurance programme of a radiotherapy department.
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TECHNIQUES USED FOR IN-VIVO DOSIMETRY

J. VAN DAM, G. LEUNENS, A. DUTREIX
Department of Radiotherapy,
University Hospital St.Rafaël,
Leuven, Belgium

Abstract

Two methods, diodes and port films, used for in vivo dosimetry are discussed. The response of the diodes in calibrated
by comparison with an ionization chamber in a phantom. This calibration procedure has to be performed both for entrance
and exit dose measurements. For obtaining optimal accuracy the influence on diode response of different parameters are
also investigated, mainly that of temperature, dose rate, collimator opening and source - skin - distance. A method is
presented to derive target doses from measured entrance and exit doses. The second method investigated is based on the
use of conventional port films. The possibilities for deriving exit dose distributions from optical density profiles are
evaluated. These exit dose distributions derived from port films are compared to ionometric distributions obtained at the
exit of a phantom with large inhomogeneities in quasi full backscatter conditions. The port film method looks very
promising as the deviation between the two methods is typically of the order of one or two percent.

1. INTRODUCTION

In vivo dosimetry started several decades ago with the pioneering work of Sievert, who used
ionization chambers for dose measurements on patients. At present ionization chambers have been
replaced almost completely by thermoluminescent dosimeters (TLD) or semiconductor detectors.

TLD provides a number of practical advantages for in vivo dosimetry: absence of wires
between detector and reader; small volume allowing exploration of high dose gradient regions (e.g.
field junctions); large number of sites explored simultaneously (the only limitation being the workload
for read-out of the detectors) . By contrast the immediate information is the major characteristic of
diodes. From this respect they provide unique advantages for quality control and their use in the
clinics is still steadily increasing.

New alternative methods are also explored and their possibilities and limitations are under
study. Alanine dosimetry, based on electron spin resonance, provides the possibility for repeated
non-destructive read-out of the signal. With this method monitoring of the dose accumulated session
after session is then possible.

Another recent approach in in vivo dosimetry is the use of the dosimetric information
contained in the portal image (port films). Deriving dose distributions at the exit side of the field can
then be one of the aims. The possibilities of this method have only started to be explored and a lot
of research and additional effort is needed.

In the radiotherapy department in Leuven, in vivo dosimetry with diodes has been used for
several years for quality control. Recently attempts to use conventional port films for the same
purpose have been initiated. This presentation deals with the techniques developed for both kinds of
method.

2. TECHNIQUES USED FOR IN VIVO DOSIMETRY WITH DIODES

2.1. Methods

Scanditronix diodes of the p-type are used. They are permanently covered with a half-spherical
build-up cap of 0.5 cm (EDE-type), 1 cm (EDP-10 type) or 2 cm (EDP-20 type) water equivalent
thickness.
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Fig.l. Determination of the entrance and exit dose calibration factor of a diode, Fcalai and F^«,
respectively. The calibrations are performed in two steps. In one step a calibrated ionisation
chamber is put at depth dmax (for the entrance dose calibration/actor) or at a distance dmaxfrom the
exit side of the field (for the exit dose calibration). In the other the diode is positioned at the entrance
or exit surface, respectively.

In Leuven the diodes are used on patients for four different radiation qualities : 60Co gamma
rays, 6 MV, 18 MV and 25 MV1 X-rays. Both entrance and exit dose measurements are performed
and target volume doses are derived from these two doses.

The first task to perform before using a diode for dose determination is however to calibrate its
signal.

2.2. The calibration factor of a diode

In order to be able to convert the signal R«. of the diode into a dose D, a calibration factor F^
has to be determined.

= R« x F,cal

This calibration is performed in a polystyrene phantom by comparing the signal of the diode to
that of a calibrated ionisation chamber. The diodes are calibrated for entrance as well as for exit dose
measurements.

'Measurements for 25 MV X-rays were performed at Institut Gustave Roussy in Villejuif.
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2.2.7. The entrance dose calibration factor (Fralen)

The entrance dose calibration is performed (Fig. 1) in two steps, one with a calibrated ionisation
chamber at depth d,,̂  and one with the diode on the surface of the phantom. Comparison of the
signals of the two detectors, for the same number of monitor units, allows one to derive F ,̂. The
calibration is performed in reference conditions, i.e. for a field size of 10 cm x 10 cm at the phantom
surface, which is positioned at the isocenter.

2.2.2. The exit dose calibration factor (F^J

The exit dose calibration is performed in an analogous way to the entrance dose calibration.
The exit dose is here defined as the dose at a distance d,,̂  from the exit surface (Fig. 1). The diode
is now placed with an 180° angle at the exit surface. The rationale for this methodology is its
simplicity for practical use : e.g. the geometrical symmetry of the entrance and the exit dose
measurement points simplifies the procedure for deriving target dose (see further) in the frequent case
of two opposed coaxial beams. Furthermore this method assures conditions of full electronic
backscatter at the level of the ionisation chamber. However, especially at the lower photon energies
(cobalt 60 and 6 MV) a distance d,,,̂  from the exit surface is insufficient to achieve complete photon
backscatter. This complicates comparison of computed exit doses with in vivo determined doses,
because the first are practically always valid for semi-infinite phantoms. Therefore, a backscatter
correction factor (B') was determined as the ratio of the ionisation chamber reading in quasi-full
backscatter conditions and the ionisation chamber reading in exit dose measurement conditions (Fig.
2).
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5x5 10x10 15x15 20x20 25x25 field size/cm2

Fig.2. Backscatter correction factor for ^Co gamma-rays. The backscatter correction factor (B') is
plotted as a function of the cottimator opening (C) in cm. B ' is the ratio of the ionisation chamber
reading with full backscatter and the ionisation chamber reading in exit dose measurements
conditions.
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Fig. 3. Sensitivity decrease of two diodes, belonging to two different series, as a function of
accumulated dose. The diodes were irradiated at high dose rate with the 18MV X-ray beam of a
SATUKNE-20 linac. They were positioned at the exit of the collimator block where a dose rate of
about 15Gy/min could be reached. At regular intervals during this flash irradiation the diodes signal
was compared with that of a calibrated ionisation chamber. According to the results obtained the
sensitivity drop with accumulated dose should be regularly checked, especially for new diodes.

As marked differences of sensitivity have been reported between diodes, even between those
of the same type and of the same batch (1), it is mandatory to calibrate each individual diode.
Moreover as the exit dose calibration factor is often very different from the entrance dose calibration
factor, the former factor must also be determined when exit in vivo dosimetry is to be performed.

The calibration factor of a diode in clinical use has to be checked periodically. Indeed the
influence of the dose accumulated over the lifetime of the diode has been described (2) and is also
found in present experiments (Fig. 3), leading to a decrease in its sensitivity. However as the ratio
of entrance and exit calibration factor of a diode, Fexit has been found to remain constant in time
within 1%, it is not necessary to re-check periodically both entrance and exit dose calibration factor.

The determination of F^j seems to be the minimum task to perform before clinical use of a diode,
when only deviation of more than.+. 10% ("gross" errors) are of interest. However when a better
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accuracy is called for, the influence of a number of other parameters should be taken into account.
The detector response has been described (2,3) to depend on e.g. temperature and dose per radiation
pulse. Such variations are often encountered in clinical practice: at calibration the phantom is
normally at room temperature while patients skin is at about 32°C; patient treatment is also performed
using a relatively broad range of dose per pulse values. Some set-up parameters, e.g. collimator
opening, have also been shown to influence diode response. In the next section the influence of the
most important parameters on diode response is investigated. The associated correction factors (see
further) are however rather similar for diodes of the same batch, so that it may not be necessary to
determine them for each individual diode (depending on the accuracy sought for).

2.3. The corrections to the calibration factor

2.5.7. Influence of temperature and dose per pulse

Diode response has been found to increase with temperature and dose per pulse. At least for
some diodes investigated the influences of both kind of parameters have been shown to be correlated
(Fig. 4) (3).

- RESPONSE AT 6.5 x 10"* Gy/PULSE
~

Cn - KESPUNSfc. AF b.b x 1U " uy/rULbb
| 'UP " RESPONSE AT 9.8x10-* Gy/PULSE

1.11-

1.00
1.02 1.03 1.04 1.05 1.06

_ RESPONSE AT 32° C
" RESPONSE AT 20° C

1.07

Fig. 4. Ratios of the diode responses at 6.5 x 104 and 9.8 x 1O6'Gy/pulse plotted against the ratios of
the responses at 32 °C and 20°C. For diode 1 data have also been indicated after 25kGy with 3MeV
electrons (1 ') and 25kGy with 20MeV electrons (1 "). For diodes 15, 12 and 20 data are also
indicated after 25kGy with 20MeV electrons for the first (15') and 550Gy with 18MV X-rays for the
two latter (12' and 20', respectively) detectors (from Van Dam et al. [3]).
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Fig.SA. Correction factors as afimction of field size. The correction factors are determined as the
ratio of the reading of the ionisation chamber and the reading of the semi-conductor detector for the
given field size at isocenter normalised to the same ratio for the reference field (10 x 10 cnf at
isocenter). "C" is the side of the square field at isocenter.
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0.95 4,5cm

10 15 20 25 30 "C"/cm

Fig.SB. Correction factor CF as a junction of collimator opening for 18MV X-rays for the same
EDP-20 diode as on Fig. 5A. Additional material has been added to the half spherical build-up cap
provided by the manufacturer in order to reach thefidl build-up of 4.5 cm water equivalent thickness.
The dependence of the correction factor on collimator opening, noticed on Fig. 5A, has almost
completely disappeared.
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Large individual differences were observed between the 20 diodes investigated but the gain in
sensitivity when increasing dose rate with 18 MV X-rays from 10-5 Gy/pulse (lowest clinical dose
rate, applied for Total Body Irradiation) to 6.5 x 10-4 Gy/pulse (highest clinical dose rate) could
amount to about 10 % for some diodes. For increasing temperature from 20°C to 32°C sensitivity
increases of up to 7% were observed. The diodes with the most pronounced dose per pulse
dependence were in general also the most strongly temperature dependent. Accumulated dose
increased both type of dependence.

The correlation found between the temperature and dose rate dependence points to a common
basic physics phenomenon at their origin, probably related to the minority charge carriers in the
crystal.

The need (always under the assumption that optimal accuracy is sought) for correcting for
temperature effects is obvious for long irradiation times, e.g. for TBI at low dose rate. For other
applications, due to shortness of time for the detector to adapt to skin temperature, it is not always
clear which correction factor should be applied. Under present clinical conditions (1), with only
about 10 s between taping of the detector and start of the patient irradiations and with treatment times
of the order of l min, it was decided not to correct for temperature. Indeed the time needed for a
diode, after having been taped on the skin, to reach thermal equilibrium has been found to be of the
order of 3 min.

1.05 -

1.00

0 .95 -

0. 90
80 90 100 110 120 SSD/cm

Fig.6. Correction factors as a function of Source-skin-distance (SSD) for 18MV X-rays. The
correction factors are determined as the ratio of the reading of the ionisation chamber and the reading
of the semiconductor detector for a 10 x 10 cm2 collimator opening at the given SSD and normalised
to the same ratio of the reference field. Curves 1 to 3 correspond to three different diodes.
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When measuring with a wedge in the beam or when performing exit dose measurements, one
should be well aware of the decrease in dose rate. The "decrease" factor (in dose rate) can be as
large as 2 for a wedge and another factor of 4 can be added when measuring exit dose, leading to a
systematic decrease in response of up to 1.5% for some of the detectors studied. This decrease is
even more pronounced when measuring under shielding blocks or for TBI where the reduction factor
in dose rate may be as large as 20 or even 50 leading to a response variation of 3 to 8%. The
practice to be recommended is to calibrate the diodes in the relevant clinical conditions. Moreover,
this procedure provides the additional advantage of producing the relevant photon and electron
spectrum at the position of the detector.

2.3.2. Influence of the most important set-up parameters : collimator opening, source skin distance
(SSD) and angle between beam axis and symmetry axis of the diode

The influence of set-up parameters on the diode signal is described by a cumulative correction
factor CF, to be applied to the calibration factor:

D = R« x F^ x CF.

The correction factor either remains constant or increases with decreasing collimator opening
(Fig. 5A) and with increasing SSD (Fig. 6). The variation of the correction factor is attributed both
to the variation of the dose per pulse (see sub a.) and for a larger part to the influence of headscatter
electrons. Indeed variation of CF with either collimator opening or with SSD is observed in those
cases where the thickness of the half-spherical build-up cap is smaller than d,,,̂ : EDP-10 in a 6 MV
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Fig. 7. Dependence of the correction factor on the angle between symmetry axis of the diode and the
beam axis, for three different combinations of diode type and photon energy. CF is smaller than unity
and decreases as a function of the angle.
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X-ray beam (d^ = 1.5 cm) or EDP-20 in an 18 or a 25 MV X-ray beam (d^ = 4 cm and 5 cm
respectively). The more energetic head-scatter electrons may then reach the detector. By contrast,
in calibration conditions, the ionisation chamber is at d^« and is not hit by these electrons. This
explains at least part of the apparent variation of diode response with collimator opening and SSD.
Indeed for 18 MV X-rays the increase of the build-up thickness above the EDP-20 diode from 2cm
water equivalent to d,,̂ , by adding supplementary material, renders the associated correction factor
almost equal to unity for all collimator openings investigated (Fig. 5b). But the more material above
the diode, the larger the perturbation introduced by the detector.

The correction factor, which is smaller than one, decreases with increasing angle between
symmetry axis of the diode and central beam axis (Fig. 7). This must be due to axisotrophy in the
diode construction. For some localisations, e.g. breast, this effect is very important.

2.4. Derivation of the target dose from measured entrance and exit dose

The dose to the target, which for simplicity is assumed to be at midline depth z/2, may be
estimated with the use of published methods (4,5). Basically the method for estimation of the target
absorbed dose consists of:

firstly, the determination of the measured exit transmission (TM) for a given patient;

secondly, the midline transmission (T^ for the given patient is then derived from the
measured exit transmission with the help of two groups of curves (Fig. 8);

finally, the absorbed midline dose (Dmid) can be estimated from the product of the measured
entrance dose (DMen) and the midline transmission (Tmid).

10
10 15 20 25

Wafer equivalent thickness
30 cm t

Fig.8. Transmission curves obtained for 6MV X-rays. The transmission is plotted as a function of
water equivalent thickness (z) in cm. Secondly, the midline transmission curves (T^ as a function
of the water equivalent midline depth (z/2) in cm. Both groups consist of curves for different
equivalent square fields (5 x 5 to 20 x 20 cm2). Ta and TM have been calculated from tissue phantom
ratios taking into account the actual position of the calibration points and the lack of backscatter
(from Leunens et al [5]).

277



3. POSSIBILITIES OF PORT FILMS FOR IN VIVO DOSIMETRY

The port film image is produced by the radiation transmitted through the patient. It contains a
lot of interesting information about body shape and composition. As such, dosimetric analysis of the
image is only a logical extension of the conventional visual evaluation. This method is presently
evaluated in our department. The possibilities of using film densitometric data for deriving exit dose
distributions at the level of the patient are evaluated by phantom measurements.

3.1. Methods

Kodak "verification" films in Kodak "localization" cassettes (with 1mm copper in front and
0.25mm lead at the back of the film) are used and processed in a Gevaert automatic processing unit.
This procedure corresponds to routine clinical conditions in the radiotherapy department. The films
were positioned behind a phantom at distances d corresponding to the clinical range applied for patient
port films (10cm to 40cm). Densitometric profiles were compared to ionometric ones, which were
obtained with a Nuclear Enterprise 0.6cm3 thimble chamber positioned in the phantom at a distance
d,^ from the exit side. A 10cm thick polystyrene layer applied behind the phantom ensured quasi
full photon backscatter at the level of the chamber. For comparison with the ionometric profiles the
densitometric profiles were "projected back" to the chamber level, taking into account beam
divergence.

CASSETTE

FIELD;10x10

LASERS

SPACERS

FIELD 110x10

14cm

6.5 cm
* FIELD'20 »20i

PERSPEX TABLE

D POLYSTYRENE

Ü ALUMINIUM

ü AIR

%& WOOD

XSOURCE

A. SMALL FIELDS CENTRED
ON INTERFACE

ALUMINIUM POLYSTYRENE

SOURCE

B. SMALL .FIELDS CENTRED
THROUGH THE CENTER OF

THE AIR CAVITY

$ SOURCE

C,LARGE FIELDS CENTRED
THROUGH' PS

Fig. 9. Polystyrene phantom with moderate aluminum, air and wood inhomogeneities, used for port
film irradiation. In situation A afield size of 10cm x 10cm at isocenter is applied and the beam axis
is at the edge of a polystyrene-aluminum interface; in situation B the beam axis is at the center of an
air cavity; in situation C the field size is increased up to 20cm x 20cm and the beam axis does not
encounter any inhomogeneity. The port film is put at clinically relevant distances from the phantom
with the use of expanded polystyrene spacers.
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Fig. 10. Phantom containing bully pieces of aluminum and wood and also fairly large air cavities.
Afield size of 25cm x 25cm at isocenter is adopted.
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Fig.ll. Comparison between ionometric and densimetric dose profiles, corresponding to set-up A on
Fig. 9.
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Fig. 12. Same comparison but for the phantom shown in Fig. 10.
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Two different polystyrene phantoms were used for the present study. One phantom (phantom
A) contained moderate air, wood and aluminum inhomogeneities in different combinations (Fig. 9)
and was irradiated with 6 MV X-rays. As most of the patients treated with this photon energy suffer
from head and neck or breast malignancies, its thickness was chosen equal to 15 centimeters. The
other phantom (phantom B) was intended to explore more borderline conditions and contained bulky
pieces of aluminum and wood and also fairly large air inhomogeneities (Fig. 10). It was irradiated
with 18 MV X-rays and its thickness was 23cm.

3.2. Analysis of port film derived exit dose profiles.

For phantom A, irradiated with 6 MV X-rays, the agreement between ionometrically and
densitometrically obtained exit dose profiles is very satisfactory: the differences observed between the
two kinds of off-axis-ratio are of the order of only 2% (Fig. 11, which corresponds to set-up A on
Fig. 9) and never exceed 5%. Even for phantom B, with the borderline inhomogeneities, no
differences of more than 5% are observed (Fig. 12).

These results are only preliminary and additional experiments are required. More specifically the
influence of scatter radiation on the densitometric profiles is investigated (J. Van Dam et al. : Are port
films reliable for in vivo exit dose measurements ? Submitted to Radiotherapy and Oncology). If
the subsequent study confirms our first results, port films will provide a very inexpensive method to
compare the dose delivered to the different parts of the target volume with the expected dose
distribution.
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Abstract

Systematic in-vivo dosimetry studies were initiated in our department in August 1988. Semiconductor detectors are used
as in vivo dosemeters. Entrance dose measurementshavt been performed on head-and-neck and breast cancer patients. The
results of the measurements are plotted in frequency distributions showing the deviations from the expected dose. Several
information can be obtained from such distributions and will be illustrated; the deviation of the mean is an indication for
systematic errors, related to procedures used in the basic structures of the department. The standard deviation is an
indication of the accuracy and reproducibility of daily dose delivery. A large standard deviation is obtained when systematic
deviations exist in sub-groups of patients or when a high number of random errors occur or both. Therefore, it is always
extremely interesting to analyse results according to treatment units, treatment techniques or specific patient sub-groups (e.g.
head and neck). A large number of random deviations suggest human errors caused by mistakes or inattention, instability
of the beam output or mechanical properties of the treatment unit. Transmission measurements (the ratio of exit and entrance
dose measurements) give additional information on errors related to beam energy, and to inaccuracies related to patient data,
such as patient thickness and tissue inhomogeneities. We conclude that in-vivo dosimetry can be considered as an important
part of a departmental quality assurance program.

1. INTRODUCTION

Each step involved in the planning or the accomplishment of a treatment is subject to a certain
degree of uncertainty leading to a cumulative discrepancy between "prescribed treatment" and
"actually delivered treatment" [1,4,13]. On top of inherent uncertainties there is a possibility of
errors which can occur in the process, either on a systematic base or on a random base [2].

It is not possible to eliminate all the possible errors and especially not human mistakes.
Therefore, it is highly recommended to add to the main quality assurance programme verifications
with portal films and in vivo dosimetry performed on individual patients in order to check the whole
chain of radiotherapy and to assure :

- the conformity between the volume irradiated and the planned treatment volume;
- the conformity between the dose delivered and the calculated dose.

The ultimate goal of these procedures is the verification of the conformity of the actually
delivered treatment with the treatment prescription on (the volume specified on simulation or CT films
and the prescribed dose) . The adequacy of the treatment prescription with the medical decision is
assumed to be checked beforehand.

Systematic in-vivo dosimetry studies were initiated in our department in August 1988. The
present paper gives a summary of the results and interesting features obtained while checking the
treatments for head-and-neck and breast cancer patients [6,7,8,14].

2. MATERIAL

Semiconductor detectors are used as in vivo dosemeters because they offer the advantage of
on-line measurements which allow the investigation of the sources of error on the spot [5,6,7,8,9,10].
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The behaviour and physical characteristics of the silicon diodes (p-type diodes - Scanditronix) has
been investigated in order to develop a code of practice for calibration of the detectors. More detailed
information on this item can be found in a related paper (Van Dam et al.).

The main parameters of influence on the diode response are SSD, collimator opening, the use
of wedges and trays, directional dependence and patient thickness [3,6,7,8,9,11,14]. The respective
correction factors have been determined for each individual diode.

3. RESULTS AND DISCUSSION

3.1. In vivo dosimetry on patients treated for head-and-neck and brain malignancies

This patient group was the initial target group for the study of the feasibility and the reliability
of the measurement procedure. The methodology for the determination of the entrance dose and the
exit dose has been developed and tested on this patient group. In addition, we described the
methodology for the estimation of the target absorbed dose from combined entrance and exit dose
measurements [6,7].

3.1.1. Entrance dose measurements

A total number of 554 treatment set-ups has been measured and the results show a Gaussian
distribution with one relative standard deviation of 2.75% and a discrepancy between the measured
and the expected mean value of - 2.2% (Fig. 1) . The check of the overall treatment system has led
to the identification of two small, systematic errors: an inaccuracy in the algorithm used for dose
calculation with the treatment planning system and an error in the determination of the absorbed dose
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+ 32

Fig.l. Overall results of the entrance dose measurements for head-and-neck cancer patients. The
results are plotted in a frequency distribution as the deviation of the measured dose from the expected
dose in percentage. The mean deviation (X) is 2.2%. The standard deviation is 2.75%.

284



N

10 +

5--

N =

X :

N =

x.=

30
+ 2.9 %

16
+ 3 %

l——l——l-
-10 -5 + 35

DEVIATION FROM THE EXPECTED DOSE IN %

Fig. 2. Entrance dose measurement results for pancranial irradiation. The results are plotted as the
deviation in percentage from the expected dose for both isocentnc and fixed S.S.D. techniques. A
high number of large deviations are detected. The black histogram shows the distribution for the
isocentric technique: the deviations are smaller as compared with the fixed S.S.D. techniques (white
distribution). The large deviations are due to confusion between the two techniques at the time of
treatment set-up.
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Fig.3. Results of transmission measurements for head-and-neck. The results are plotted as the
deviations in percentage from the expected transmission. A broad frequency distribution is obtained
with a standard deviation of 6.5% and a mean deviation of-2.6%. The mean deviations of the three
subgroups show the influence of contour inaccuracies: the mean deviation is only -1.5% when the
contour is correct (white), -8.8% when the patient diameter is underestimated (black) and + 7.7%
for patient diameter overestimations (stripes).
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with the ionisation chamber in the region of the depth of dose maximum. These inaccuracies were
corrected improving the quality of the treatment chain. Large errors have been detected in 3% of the
measured treatment set-ups. The sources of the errors could in all cases be identified thanks to the
on-line measurement, and corrected, avoiding large under- and overdosage. The detection of such
errors is essential to assure the dose delivered to individual patients. Such errors could directly be
related to treatment failures and previously "unexplained" complications.

Specific treatment techniques were identified leading to a high risk for erroneous dose
delivery. E.g. a large frequency distribution is found for the patients treated with pancranial
irradiation (Fig. 2). The major cause-for the high number of large deviations in these treatment
set-ups was the non-uniform treatment prescription : part of the patients being treated with a fixed
SSD technique, while the other part was treated with isocentric techniques. The use of both
techniques led to confusion at the time of treatment set-up, thus resulting in large inaccuracies in the
dose delivery. The results stress the importance of unambiguous and uniform treatment prescription.

3.1.2. Transmission measurements

Additional information is obtained when measuring the entrance and the exit dose on the same
patient, at the same time. Transmission measurements have been performed on 230 treatment set-ups.
The results show a broad distribution, with a mean value of -2.6% and a standard deviation of 6.5%
(Fig. 3). The measured transmission (the ratio of the measured exit and the measured entrance dose)
is strongly dependent on uncertainties related to patient data such as patient thickness and tissue
inhomogeneities besides beam energy. Errors related to patient data have been found to be both more
frequent and larger than uncertainties on set-up and accelerator parameters:

Firstly, contour errors have been detected in 40% of the present group of patients,
introducing a discrepancy between the measured and the expected transmission. Therefore,
a new contour device has been set-up.

Secondly, tissue inhomogeneities such as the mandibular bones and the vertebral body are not
taken into account at present when calculating the monitor units with the treatment planning
system. This introduces a very large discrepancy (> 10%) between the measured and the
expected transmission in a considerable number of the measured treatment set-ups.

3.1.3. Estimation of the target absorbed dose

The target absorbed dose has not been directly measured, because it is difficult to position
accurately diodes in the oral cavity or the larynx region of the patient. Nevertheless, it is possible
to estimate the target absorbed dose from combined entrance and exit dose measurements. The
method used to estimate the target absorbed dose from in vivo entrance and exit dose measurements
is similar to the method described by Rizzotti et al. [12], for estimation of the midline absorbed dose.
The results of the estimation of the target absorbed dose are given as the deviations from the
prescribed target dose. The mean value is -2.8% and the standard deviation is 3% (Fig. 4). The
frequency distribution is remarkably smaller than the distribution of the results of the transmission
measurements (SD 3% versus SD 6.5%). This is due to the fact that isocentric treatment set-ups are
used for this patient group: as a consequence, the error on the transmission, due to the contour error,
is partially compensated by the error on the entrance dose. The mean value of -2.8% is explained by
the following:

The mean density of the tissues in the head and neck region is larger than 1, leading to a
more important beam attenuation (±1% systematic under-dosage).

An error in the algorithms of the treatment planning system has been detected due to the
scatter defects not being taken into account (+ 2% systematic underdosage at the midline
depth). The systematic underestimation of the patient diameter (contour errors).
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Fig. 4. Estimation of the midline absorbed dose. The results are plotted as the deviations from the
prescribed dose. The mean deviation is -2.8% and the standard deviation is 3%. The mean
deviations of the black, white and striped sub-groups are respectively -4.6%, -2.2% and -1%.

The end result of these errors is that 20% of the patients treated for head and neck
malignancies are underdosed by 5% or more. For all these patients, the source of the error has been
detected and investigated.

3.2. In vivo dosimetry for tangential breast irradiation

Entrance dose measurements (920) have been performed on both tangential treatment fields
for 105 breast cancer patients [8]. About half of them (52) were treated on a modern unit (Mevatron
Siemens), supplied with an automatic verification system, the other half (53) being treated on an old
therapy unit (Cobalt 60). A team of 3 radiographers worked on a modern unit, while on the old unit
only one radiographer was responsible for the treatment set-up. A striking difference has been
observed for the rate of large deviations (deviations of 5 % and more from the mean dose) : 2.3%
(10/430) for the modern unit versus 15% (75/490) for the old one. This shows clearly that the
precision in dose delivery is strongly dependent on the therapy unit, the modern unit being supplied
with a check-and-confirm system and with the beam accessory devices in a fixed position in the beam
and a team of radiographers being responsible for the set-up (Table I).
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Table I.
Entrance dose measurements: tangential breast irradiation. The
results are given as the deviation between the measured and the
expected dose in percentage. A striking difference exists between
the results obtained on the modern unit and the results obtained
on the old unit: the rate of large deviations being respectively
2.3% and 15%.

number of measurements
mean deviation
standard deviation
large deviations

Modern Unit
430

- 0.1%
2.2%
10/430
(2.3%)

Old Unit
490

+ 1.4%
3.7%
75/490
(15%)

4. CONCLUSIONS

The results of the in-vivo dosimetry studies highlighted several vulnerable steps in the
treatment procedure. Four main groups of deviations have been identified.

A first group of deviations was directly linked to an ambiguity in treatment prescription: it
has been shown that for an identical treatment, the use of two different treatment techniques
lead to major errors due to confusion at the moment of the actual treatment delivery.

A second group of deviations originated in the basic procedures used in the department and
can be considered as systematic errors affecting the treatment quality of each and every
patient: one of the errors was due to a misunderstanding of the basic dosimetry protocol,
while another one of these errors was linked to limitations and inaccuracies in a computer
software used for the dose calculations.

A third group of deviations was due to insufficient training, education and motivation of the
personnel involved in treatment preparation and treatment execution: one of the weakest points
in the treatment preparation chain was proved to be the acquisition of the patient anatomical
data. The equipment used was not very accurate, but on top of that, it was used in an
improper way. Quantification and discussion of the impact of this kind of errors lead to an
enormous improvement, without important investment for equipment.

A fourth group of deviations are the large accidental errors caused by human mistakes or
inattention. These are single events by definition and therefore extremely difficult to prevent.
A quantification of this last group of errors highlighted that the frequency of these errors is
dependent on the equipment used and on the staffing of a treatment unit.

Due to the amount of information obtained from these studies, in-vivo dosimetry can be
regarded as a very powerful tool for improving the quality of a department and for evaluating
different treatment techniques. In vivo dosimetry can be considered as an important part of a
departmental quality assurance program.
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IN-VIVO DOSIMETRY OF THERAPY RADIOIODINE IN THYROID
CARCINOMA USING PET

M.E.A. O'CONNELL, M.A. FLOWER, B. PRATT,
B. CRONIN, C.L. HARMER, V.R.M. McCREADY
The Royal Marsden Hospital,
Sutton, United Kingdom

Abstract

Accurate measurement of the absorbed dose of 1-131 in thyroid remnants and differentiated métastases is desirable in order
to achieve curative treatment whilst avoiding the morbidity of excessive therapy. Following oral administration of therapy
1-131, sequential measurements of radioactivity in thyroid remnants and functioning métastases were obtained using a
calibrated dual-headed whole-body rectilinear scanner with specially designed high-resolution low sensitivity collimators.
The initial activit (AJ and effective half time (TJ of 1-131 in lesions which concentrate radioiodine were derived from the
activity time curves for each region of interest. The functioning volume of tissue (and hence mass) was determined from
positron emission tomography (PET) and tracer 1-124. The absorbed dose for each region of interest was calculated from
these three parameters. Dose-response data have been obtained for 31 patients. Following near-total thyroidectomy and 3
GBq 1-131, a mean absorbed dose of 402 Gy achieved complete ablation of thyroid remnants in 72% of patients (80% of
sites), Patients who had persistent uptake in the thyroid region on subsequent radioiodine scanning received a mean dose
of only 83 Gy. Cumulative doses in excess of ISO Gy were found to eradicate cervical nodal métastases following neck
dissection. Patients with bone métastases (who generally have a very poor prognosis) received doses of the order of only
20 Gy. The dose response data explain the varying clinical response to fixed activities of radioiodine and in future will
enable precise prescription of radioiodine in order to achieve titmoricidal doses whilst avoiding the morbidity of excessive
therapy,

1. INTRODUCTION

Since its discovery 50 years ago, the treatment of thyroid carcinoma with radioiodine 1-131
has been empirical; its dosimetry has remained vague. This contrasts sharply with our obsession for
accuracy when using external beam radiotherapy where precise dose prescription is mandatory.
However, the time has arrived when we must more critically assess our treatment policy as it is no
longer acceptable to give " just one extra dose to be sure" as has been common practice in the past.

2. MATERIALS AND METHODS

At the Royal Marsden Hospital, the policy following definitive surgery (that is, near-total
thyroidectomy) is to give a fixed activity 3 GBq 1-131 for ablation of thyroid remnants and 5.5 GBq
for the treatment of métastases from differentiated thyroid carcinoma. In order to determine the
radiation dose to specific tissues which concentrate radioiodine, three parameters must be determined.
These are: the initial activity in MBq in the target tissue (A,,), the effective half-life in hours of
radioiodine in tissue (Tc) and the functioning mass in grams of tissue (m). The absorbed dose in Gy
is then given by the equation [1].

D =
0.16A0TC

m

This assumes that the uptake of 1-131 into the tissues of interest is rapid and that the washout of
radioiodine from these tissues is governed by a single exponential function.
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At this hospital, a protocol was developed to measure these parameters using a dual-headed
whole-body rectilinear scanner with high-resolution low-sensitivity collimators specially designed to
image therapy levels of 1-131 [2]. The initial activity A0 and effective half-time Te were determined
from sequential quantitative scans at 24, 72 and 144 hours following 1-131 administration. Positron
emission tomography with a large-area low-cost PET camera [3] has been used in order to achieve
improved accuracy in the estimate of functioning mass. Patients were scanned 24 hours following a
tracer dose of 1-124 prior to the 1-131 administration. The volume and hence mass of a thyroid
remnant or metastatic lesion was assessed from the tomographic images produced by the PET camera
using a simple thresholding technique [4].

TABLE 1. PATIENT CHARACTERISTICS

TOTAL (23 female, 8 male)

AGES 22-79 years (mean 47)

HISTOLOGY

papillary
follicular

20
11

1000 -

ov>oo
•ooJ)
o
M.o

100 -3

10 •:

1

A

A.

e
n
a
n
a

PNU
PNU = Persistant Neck Uptake

CA - Complete Ablation

CA
• = 5 Patients; 5.Sites
a = 5 Patients; 7 Sites
A » 15 Patients;28 Sites

Fig. 1. Dose-response data for 25 patients following near total thyroidectomy and ablation with 3 GBq
1-131.
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TABLE 2. DOSIMETRY DATA ON PATIENTS ACHIEVING COMPLETE ABLATION OF
THYROID REMNANTS FOLLOWING NEAR-TOTAL THYROIDECTOMY AND 3.0 GBq 13II

Patient

SA

* CB
DB

* DC
MC

+ FC
EH

+ SJ
* JN

GP

GP

PS
* JS

JW

CY

Age/Sex

43 F

24 F
31 M

65F
61F

76F
30F

22F
40F

32F

54F

40F
39F

51 M

38F

Histology

papillary

papillary
papillary

papillary
follicular

follicular
papillary

papillary
follicular

papillary

papillary

papillary
follicular

papillary

papillary

AO
(MBq)

550
167
9.1
51
13

255
78
300
460
44
126
135
160
900
21
35
34
33
21
11

68
50
60
60
22
31
18
95

Te

(h)

163
117
89
174
108
15
28
24
148
40
24
24
24
62
37
58
55
50
42
58

29
40
40
40
80
86
68
35

M
(g)

4.1
2.3
23
2.3
2.4
3.2
3.5
3.4
9.7
Z4
1.7
2.7
1.7
8.3
0.9
1.9
2.4
2.6
2.3
2.1

2.1
2.6
2.4
2.1
1.6
3.1
2.8
3.2

Dose
(Gy)

3500
1359
56
617
94
191
100
340

1123
116
285
192
361

1075
170
170
125
102
61
49

150
123
160
183
176
138
70
172

% uptake
per g

4.4
2.3

0.13
0.74
0.18
2.95
0.74
2.9

1.58
0.61
2.47
1.67
3.14
3.7

0.74
0.60
0.47
0.42
03

0.17

1.08
0.64
0.83
0.95
0.46
0.33
0.21
1.02

»M24PBTjtudy
+less than radical surgery initially
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TABLE 3. DOSIMETRY DATA FOR PATIENTS WITH TUMOUR IN ASSOCIATION WITH
NORMAL TISSUE

Patient

MB

JF

*JO

AR

*WW

AO
(MBq)

15
5

6.8
38

30

2.3

5

T«
(h)

40
45
72
28

180

50

24

M
(g)

2.1
2.4
2.7
4.3

6

2.5

2

Dose
(Gy)

46
15
29
40

7.3

7

10

% uptake
per g

0.24
0.07
0.08
0.15

0.14

0.03

0.05

TSH
mU/I

96

>100

not available

not available

51

»1-124 PET study

TABLE 4. DOSIMETRY DATA FOR PATIENTS WITH LARGE RESIDUAL THYROID
REMNANTS AND PERSISTENT THYROID UPTAKE ON SUBSEQUENT RADIOIODINE
SCANNING

Patient

*RB

*JB

DH

*SH

SR

AO
(MBq)

215

61

180

260

400

Te

(h)

120

127

75

50

28

M
(g)

25

11

11

9

15

Dose
(Gy)

165

136

193

231

119

% uptake
per g

0.29

0.18

0.54

0.96

0.89

TSH
mU/1

39

>100

4.4

>100

1.9

»1-124 PET study
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Fig.2. Dose-response data for 8 patients with neck nodal métastases following 1-131 therapy.
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Fig. 3. Dose-response data for 6 patients with bone métastases following 1-131 therapy.
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3. CLINICAL RESULTS

3.1. Ablation

Dose-response data have been obtained for 31 patients with primary and metastatic
differentiated (papillary and follicular) thyroid carcinoma (Table 1). Dose-response data for 25
patients following ablation with 3 GBq 1-131 are shown in Figure 1. The absorbed dose in Gy is
plotted using a logarithmic scale on the vertical axis. The absorbed dose received ranged from 7 to
3500 Gy. On the horizontal axis, the first column (designated persistent neck uptake) shows those
patients in whom 3 GBq 1-131 failed to erase evidence of functioning thyroid tissue on a subsequent
radioiodine scan. The second column (complete ablation) shows those patients in whom there was
no evidence of functioning thyroid tissue on a subsequent scan. All patients (with only two
exceptions) who achieved complete ablation of thyroid remnants had undergone near-total
thyroidectomy- The mean absorbed dose for this group (complete ablation) was 402 Gy (Table 2).
There has been no evidence of either local or distant recurrence in this group of patients successfully
ablated (minimum follow-up 24 months, maximum 48 months).

For the first column, the mean absorbed dose for this group of patients was only 83 Gy. The
mean absorbed doses for patients achieving complete ablation compared with those with persistent
neck uptake were significantly different (student's t test, p< 0.01). The failures may be attributed
to two factors: the size of the residual gland and the presence of tumor in association with normal
tissue. The first column with persistent neck uptake can thus be split into two groups: the lower
group of 5 patients (6 sites) (Table 3) had also undergone near-total thyroidectomy but received a
mean dose of 22 Gy only despite a mean TSH of 82 mil/I; the upper group of 5 patients (Table 4)
had undergone less than radical surgery and received a mean absorbed dose of 169 Gy with a mean
TSHof49mU/l.

If only those patients who had near-total thyroidectomy initially are considered, then the
administration of 3 GBq 1-131 eliminated all traces of post-operative normal thyroid remnants in 75%
of patients (80% of sites). A dose-response relationship is evident and complete ablation was
achieved with absorbed doses in excess of 60 Gy for those patients with no residual tumor tissue.
These data also suggest that a large residual volume of tissue demands more than one therapeutic
administration of 1-131 to achieve ablation.

3.2. Neck Nodes

Figure 2 shows the dose-response relationship for 6 patients with metastatic neck nodes. The
graph shows the cumulative dose in Gy on the vertical axis plotted on a logarithmic scale. The two
patients shown in the right column achieved complete remission of nodal disease following neck
dissection and radioiodine therapy, stressing the importance of surgery in overall management. For
the remaining patients with nodal disease, alternative treatment including radical external beam
radiotherapy has been sought.

3.3. Bone Métastases

Dose-response data for six patients with bone métastases are shown in Figure 3. The mean
absorbed dose for the group with persistent disease was only 20 Gy. In general, patients with bone
métastases have a poor prognosis [5] and those who are iodine-negative fare very badly. Of those
patients presented here, two have already died with progressive metastatic disease. One patient,
however, has achieved complete remission. This 68 year old lady presented with spinal cord
compression due to a lytic deposit in LI. Decompressive laminectomy was performed and histology
showed a well differentiated follicular carcinoma of thyroid origin. Staging investigations showed
no evidence of other métastases and so near total thyroidectomy was performed in order to facilitate
uptake of radioiodine into her solitary bone metastasis. At her first 5.5 GBq therapy administration,
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this metastatic lesion received an absorbed dose of 100 Gy. No uptake of radioiodine was seen in the
spine (or elsewhere) on a subsequent therapy scan three months later and she has remained
disease-free with normal levels of thyroglobulin for over three years.

4. CONCLUSIONS

The administration of fixed activities of radioiodine results in a very large variation in
radiation absorbed dose to residual thyroid remnants at ablation. The mean dose for complete ablation
was estimated as 402 Gy. The mean dose for those patients with persistent neck uptake was 83 Gy
only. These results are statistically significant (students t test, p < 0.01). The overall response rate
was 75% of patients (80% of sites) following near near-total thyroidectomy and a single
administration of 3 GBq 1-131.

Successful destruction of soft tissue métastases has been achieved with cumulative absorbed
doses of the order of 150 Gy following optimal surgical cytoreduction. Bone métastases, which are
generally associated with a poor prognosis, require high dose for eradication and this has been
achieved following surgery where the deposit was solitary and tumour well differentiated.

In future, pretreatment dosimetry will play an important role in judging the size of activity
of 1-131 to be prescribed; in determining the frequency and interval between doses, that is optimal
dose scheduling and in with-holding further radioiodine administrations when a subtherapeutic
outcome can be predicted in order to minimize late morbidity, staff hazards and unnecessary expense.
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IV. QUALITY AUDIT NETWORK



SUMMARY AND CONCLUSIONS OF SECTION IV

QUALITY AUDIT NETWORK

W.F. HANSON
University of Texas,
M.D. Ander son Cancer Center,
Houston, Texas,
United States of America

1. GENERAL PRINCIPLES

(a) A suitable organization "quality audit centre" to implement the quality audit is needed in each
country or region participating in the network.

(b) The network should not overlap with the existing and operating quality audit centres but try
to incorporate them as part of the network.

(c) Quality audit should be performed regularly for each radiotherapy institute. The interval of
regular audits is dependent on the local conditions: resources of manpower and equipment,
methods available and number of therapy equipment. While the minimum frequency could
be postulated to be not more than five years, the experience so far would suggest one to two
years as the reasonable aim.

(d) The quality audit should, in the trial stage of its implementation, cover all steps of the
radiotherapeutic procedures, i.e. the trial aim should be to check ability of the clinics to
give the prescribed dose to the patient.

(e) Both mailed systems and on-site units can be used for the quality audit. The on-site visits
would enable the most comprehensive audit measurements and entail the possibility for
immediate remedial action when needed. The on-site visits would then be the preferred
method whenever it is feasible with respect to the cost and resources.

2. CRITERIA FOR THE ORGANIZATION (quality audit centre)

2.1. High competence and qualified staff

The organization shall have high competence in quality audit procedure. The staff shall be
highly qualified in radiotherapy physics and dosimetry. It should preferably have experience on
treatment planning and other issues of clinical work.

2.2. Access to standards

The organization shall have easy access to secondary (or primary) standards in order to
provide traceability of dose measurements for the dosimetry audit.

2.3. Subject to external quality audit

The organization shall itself be subject to an external quality audit by the international
metrology system, e.g. by the IAEA or some PSDL.
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2.4. Confidence of clinics

The organization shall be confident that clinics are able to maintain good contacts and
confidential relations with them. It is imperative for this purpose that the organization can maintain
and continuously prove its high competence for the quality audit procedures. It might be
advantageous that the organization had some authoritative power over the clinics, while it is
understood that such power (e.g. too formal regulatory position) may also risk the confidence or the
competence.

2.5. Contacts to scientific community

The organization shall be able to maintain good contacts with the regional and international
scientific community in order to ensure maintenance and development of its competence.

2.6. Research and scientific co-operation

The organization should be able to undertake research in the field of radiotherapy physics and
dosimetry. It should preferably participate in or conduct scientific cooperation between the clinics
and/or other scientific institutions involved.

2.7. Training

The organization should be able to undertake training of radiotherapy physicists and organize
workshops and training courses in radiotherapy physics and dosimetry in its own region.

2.8. Financing

The organization should have trials or other types of continuous source of money to finance
the required level of operations.
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Comparison of possible organizations for quality audit centres:

Criterion

1. High competence
and qualified staff

2. Access to standards

3. Subject to external
quality audit

4. Confidence of clinics

5. Contact to scientific community

SSDL
e.g. SSDL-Hetsinki
SSDL-Bangkok

O.K.
The calibration of dosi-
meters in an important part
of the measurement and the
SSDL must build up high
knowledge on dosimetry; they
are expcdicd to give guidance
on e.g. various conversion
factors. Trainng of staff
necessary.

O.K.

O.K. SSDL's are subject to
quality audit by the IAEA.

O.K.
Through calibrations and training
courses. R/ SSDL's will maintain close
contacts and confidence with the clinics.
They have authoritative power.

O.K.
International relations through the
SSDL network.

6. Research and scientific co-operation O.K.

National and expected operation of SSDL's.

7. Training O.K. Expected operation of SSDL's

8. Financing Could be financed as part of metrological
activities. Maintenance of standards usually
accepted and financial

Research Institute
e.g. RFC, IPS
National Cancer Inst.

O.K.

Must be arranged

Must be arranged

O.K.
Usually supported by the radio-
therapeutic society. Prestige
by results of research.

Radiotherapy clinic
e.g. Göteborg

O.K.
(in developed countries)

Must be arranged

Must be arranged

Not obvious.
Depends on the relations between clinics.

O.K.
Contacts through scientific co-operation Must be arranged

O.K. Can be O.K. but not obvious (depends on the clinic's policy and
resources.

Not obvious. Must be arranged. Not obvious. Must be arranged

O.K. Depends on the policy and resources Not obvious. Must be arranged

OJ
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Abstract

A meeting was held on the IAEA Co-ordinated Research Programme on Performance Testing of Dosimetry Equipment.
Suggestions for postal dose intercomparison of electron beams have been discussed and are summarized.

1. INTRODUCTION

In a similar way as used already by the IAEA/WHO for photon beams, dosimetry equipment
has to be designed and tested for postal dose intercomparison and electron beams. Due to the
differences of beam characteristics of photo electron beams, the same Measurement set-up cannot be
applied for electron beams. For that reason new phantoms as well as new procedures have to be
designed.

Basically the procedure will be divided into two or more steps as for the photon beam
programme: in step one the dose at dose maximum ("beam calibration") will be compared as well as
the reporting of the beam quality. At a later stage field flatness, the position of isodose curves and
dose calculations for some clinically relevant situations can be checked. Because the IAEA/WHO has
at this moment no laboratory facilities available to make measurements in electron beams, the
procedure has to be tested in some (or all) existing regional (national) centres. The experience gained
during this phase of the programme will then be used to design the final procedure suitable for QA
of radiotherapy centres in the whole world.
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It was the purpose of our group to summarize the considerations that have lead us to the
design of such phantoms and the type of measurements to be performed. The proposed system should
have a precision (reproducibility) of a few percent and therefore be suitable for indicating errors of
at least 50%. The IAEA/WHO TLD dosimetry programme cannot deal with electron beams at this
moment. This document suggests a basis for the introduction of such a programme with the aim of
improving the quality of radiotherapy using electron beams. This is of particular importance due to
the recent and continuing introduction of high energy electron beams in developing countries.

2. PROGRAMME SUGGESTIONS

Contrary to the situation in photon beams, electron beams are generally calibrated at or in
the immediate vicinity of the depth of dose maximum. Uncertainties in the actual position of this
depth might introduce large errors in the dose determinations. It will be difficult therefore to separate
errors due to positioning of the dosimeter from errors in the dose determination resulting from other
reasons, e.g. from the dose calculation from the measurement procedure or from the accelerator
characteristics. Two types of measurements are therefore recommended: a determination of the dose
at specified depths using TLD and a second measurement of the percentage depth dose (FDD) curve
using photographic film. After designing and constructing phantoms and detector holders, the
procedure will be tested in two steps. In the first step, the calibration phase, the TLD measurement
equipment will be calibrated under the circumstances suggested for the actual irradiation conditions.
The second step, the feasibility study, will be a measurement both with TLD and film to test the
whole procedure.

3. PHANTOM SUGGESTIONS

The main idea of the phantom is that it will be easy to mail and use and the requirement of
a high accuracy has not the highest priority. Two different types of phantoms are proposed, in order
to give flexibility for future decisions. One of the types is almost a copy of the IAEA set-up for
photon beams with the stand positioned in water. A special stand for the film irradiation has to be
designed and produced. This design of the water- and light-tight film cassette should be done by the
coordinating centres in Leuven and Göteborg. The stand, capsules, film cassette and stand for the
film will be mailed.

The other phantom for electron beam dosimetry is a solid PMMA (Perspex, Lucite Plexiglas)
phantom with dimensions of 120mm x 120mm x 120mm. The weight is 2.04 kg. The details will be
given in section 4. The solid phantom together with the capsules and film cassette will be mailed.
These two types of phantom have both advantages and disadvantages. In the table presented below
the advantages of both types are given.

Advantages of the two different types of phantom
The various parameters have not the same importance

Parameters Water Solid

Weight of the whole equipment +
Accuracy of measuring depth +
Scaling of depth (+)
Protection against water +
Material surrounding LiF ? ?
Material quality and uniformity +
Set-up with electron applicators +
Electrical charge problem (+)
Cost of production +
Cost of mailing +
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It can be concluded there it is no significant advantage for one of the phantoms. Therefore
it is proposed to test both phantoms at the first calibration phase. Thereafter a final conclusion can
be made regarding the type of phantom which will be used for the feasibility phase and the future use
of the phantom.

4. DESIGN OF THE PHANTOMS

For measurements in water it was decided to use the same TLD holder which was used for
photon beams, in the holder, three additional holes are drilled at depths of 10, 20 and 30 mm from
the top of support. For the calibration phase the clinic drills the holes at the depth of dose maximum
for the beams they are using. The film cassette for the water phantom has to be designed waterproof
and lightproof.

For measurements in the solid phantom it was decided to use a 120 mm x 120 mm x 120 mm
cubic PMMA phantom. The phantom has a 10 mm x 50 mm x 120 mm hole for detectors. With
the phantom there is a set of PMMA detector holders, which fit in the hole in the cubic phantom and
have one hole each at the depth of 10, 20 or 30 mm. For the calibration phase the clinic drills the
holes at the depth of dose maximum in another PMMA holder for the beams to use. The phantom
is made of smaller PMMA sheets and glued or mechanically joined together after the detector hole
is machined. The phantom is used on a plate of PMMA to prevent the detector holder sliding. The
film cassette for the solid phantom has to be designed only lightproof and to fit in the hole, (see
figure). The design of both phantons, including the various inserts, should be done by the
coordinating centres in Edinburgh and Helsinki.

1Omm 50mm

o 0 5 IT m

TLD-Holder

5. SUGGESTED PROCEDURE FOR THE CALIBRATION PHASE

The calibration stage is intended to provide the calibration curve versus energy of the Agency
TLD system for electron beams in the suggested phantom geometry and materials. This will enable
the Agency to provide dose calibrations for electron beams. Two phantom designs have been
suggested (section 5, 3 and 4), one based on in-water measurements and the other a solid PMMA
phantom. As it is not clear at this stage which will be finally preferred, it is necessary to obtain
calibration curves for both situations in the calibration phase.
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For each system the centres involved will irradiate Agency TLDs at the depth of dose
maximum in three separate electron beams to a known stated dose based on the best dosimetry
procedure at the centre. The Agency will evaluate the TLDs and, following any necessary discussion
to resolve any problems or uncertainties in the results, will be able to construct a calibration curve
for the system for future use.

Each centre will receive from the Agency a solid phantom and two inserts (tube for the water
situation, PMMA insert for the solid phantom), one for each energy to be included. The inserts will
be blank. The centre will drill separately, one of each type of insert to take the Agency TLD capsule
at the specific depth applicable to one of the electron beams to be included. For the water phantom
tubes, the holes will be drilled into the centres known value for depth of dose maximum in water for
the particular beam. For the PMMA phantom, the hole will be drilled at a depth below the insert
end/phantom surface equal to the depth of dose maximum scaled to PMMA following the scaling
recommendations in a suitable dosimetry protocol.

Irradiations will be carried out with the TLD in the appropriate drill insert in the particular
beam of interest. Two separate TLD irradiations will be carried out for each situation to give an
assessment of reproducibility. Before and after the TLD irradiation the centre will calibrate the beam
using their best dosimetry procedures to give the best estimate of the stated dose applicable to the time
of TLD irradiation. They will use their own usual dosimetry procedures and protocol. They will also
be asked to estimate the dose if the Agency's protocol had been used, it is suggested that the group
then discusses these figures to arrive at a good opinion to what dose values are applicable.

To give sufficient points on the calibration curve, but minimise the work involved, it is
suggested that each centre includes three beam energies. The energy range is split into five regions
according to the beam energy at the surface:

I) 4-5 MeV
II) 6-9 MeV
III) 10-14 MeV
IV) 15-19 MeV
V) > 20 MeV

All centres will be asked to include their lowest value and another energy from regions II and
IV or from regions III and V. The group will coordinate this division to ensure a good spread of
points over the curve. Initially the calibration procedure may be checked in 2 or 3 centres before
involving all regional (national) centres.

6. SUGGESTED PROCEDURES FOR THE FEASIBILITY STUDY

After finishing the calibration phase of the project a decision should be made about the most
suitable type of phantom which will be used for the feasibility study (phase II). For this decision one
has to take into account the following aspects:

(a) the performance of each phantom
(b) the accuracy of measurements
(c) a cost benefit analysis

General proposals for phase II, which are intended to find out the most suitable procedure for
the routine check of electron beam calibrations are:

(a) the quality of electron beams will be established by film; the position of the real depth of dose
maximum and 50% range will be established from densitrometric readings; the percentage
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depth dose at the recommended depth will then be established from which the absorbed dose
measurement will be recalculated to the value at the depth of dose maximum.

b) the energy range of electron beams will be divided into five regions:

Energy range Region Recommended depth for measurements in water

I 4-5 MeV 1 cm
II 6 - 9 MeV 1 cm
III 10- 14 MeV 2 cm
IV 15- 19 MeV 2 cm
V > 20 MeV 3 cm

For each region a proper dosimeter holder will be available (for details see section 3).
The measurements for phase II will be performed by the coordinating centres for the lowest and
the highest energy and for an energy in between these two values. This will require about 60
dosimeters for a study (3 qualities x 2 measurements x 10 centres), and three films for each centre.
Film dosimetry should be tested before the start of the phase II study by Leuven and Göteborg.
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SIMPLE GEOMETRIC PHANTOM TO BE USED IN THE IAEA NETWORK

W.F.Hanson
University of Texas,
M.D. Anderson Cancer Center,
Houston, Texas,
United States of America

Abstract

The IAEA Co-ordinated Research Programme on Performance Testing of Dosimetry Equipment is designing a network to
provide quality audit of radiation oncology dosimetry by mailed TLD. Three phantoms are being developed and tested that
will provide quality audit at progressively higher levels of sophistication. The design of these three phantoms and
preliminary test data on the first two were presented. The criteria for acceptance performance and procedures for progressing
through three stages were also discussed.

The plan is to establish a network of national or regional centers around the world that
will be heavily involved in providing quality audit for radiotherapy dosimetry in their region. The
intent is to provide some level of quality audit to all megavottage therapy facilities in the world
that are not already involved in a recognized quality audit program. This plan intends to draw
heavily on the expertise of the national and international quality audit centers already in
existence (Table 1). Other national groups (Table 2) that are known to be active in quality
assurance may be utilized also.

The plan also requires heavy involvement of the Secondary Standards Dosimetry Laboratory
(SSDL) network and medical physicists at the regional level. As I suggested in my Tuesday
talk, traceability of calibration factors to national (international) standards correlates, in our
experience, dramatically with improved accuracy of beam calibration.

This program is targeted for all megavoltage therapy facilities that are not now
participating in an external quality audit program. We plan to establish two levels of quality
audit facilities:

1) international Coordinating Centers (perhaps three): These centers should be
experienced in quality audit procedures and able to provide training and expertise to
resolve problems not resolvable at the regional level.

2) National Coordinating Centers: To be the principal liaison with the participating
institutions and to resolve as many discrepancies as possible at the local level.

Although the most important quality audit should be of the basic calibration of the
therapy unit, the IAEA has established a hierarchy of dosimetry practices to be assessed in a
sequential fashion. The hierarchy is seen in Table 3.

Three mailable phantoms utilizing thermoluminescent dosimeters (TLD), or other
dosimeters are under development. The IAEA has modified its system, previously used for
cobalt 60, to accommodate calibration and determination of beam energy for high-energy
photons. A "simple geometric phantom" is being tested that will audit other basic dosimetry
data. I will discuss these two phantoms and the results of dosimetry tests on them. Karl-Axel
Johansson developed a complex pelvis phantom, including inhomogeneities, under contract
to IAEA. This phantom is proposed to be utilized for the higher order review. I will not discuss
it further.

The intent is that an institution would progress through the various steps as outlined in
Figure 1. The institution will be mailed the simplest phantom, signified by the number 1 in the
circle. If the agreement is not acceptable, attempts will be made through the national
coordinating center to resolve the discrepancy and verify it by a repeat TLD. If the TLD results
are acceptable, the next level of phantom will be mailed and the process repeated. If the
discrepancies cannot be resolved, the national coordinating center, SSDL, and/or international
coordinating center will perform a dosimetry review.
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Table 1 : Quality Audit Offices In Existence

Austria (Vienna), IAEA, P. Nette

Sweden (Göteborg), EORTC Center, Karl-Axel Johansson
- includes participation by J. Van Dam (Leuven, Belgium) and
A. Bridier (Villejuif, France)

U.S.A. (Houston), Radiological Physics Center, William F. Hanson, Director

France (Villejuif), VRG, J. Chavaudra and A. Bridier

Table 2: National Offices Active in the Field

Belgian (Leuven), Society of Physics, J. Van Dam

Colombia, M.C. Plazas

Denmark

Finland (Helsinki), Finish Centre for Radiation and Nuclear Safety, H.E.J. Järvinen

France (Regional groups), Société Française des Physiciens d'Hôpital, P. Aletti

India, Bhabha Atomic Research Centre (BARC), Dr. lyer

Italy (Florence), University of Florence, Franco Milano

Netherlands (Amsterdam), Dutch Society of Physicists, Ben Mijnheer

Norway

Switzerland (Bellinzona), G. Caravaglia

U.K. (Edinburgh), IPSM Dosimetry Intercomparison, David Thwaites

Table 3: Hierarchy of Dosimetry and Treatment Practices to be Audited

1st order: Calibration of the therapy unit under standardized conditions
(modified IAEA mailed system)

2nc' order: Basic dosimetry data verified
(simple geometric phantom)

3rd order: "Comprehensive" treatment planning including
inhomogeneities (complex phantom)

4th order: Complete treatment procedure

312



TraceabilHy
to BIPM
via IAEA

Involvement of Regional
Center. Coordinating
Center, SSDLs etc.

Figure 1 : Flow chart outlining the procedure for an institution to progress through the various
stages of quality audit. The numbers represent mailed TLD in the three phantoms that are to
be irradiated at the institution.

Modified IAEA TLD System

The IAEA has modified the cobalt-60 TLD system that it has used for many years, so
that it is useable for high-energy photons. The cobalt system is a hollow rod that holds the
TLD at 5 cm depth in water. The modified system is slightly longer and has holes to hold TLD
at 5, 10, and 20 cm depth. Calibration is done with the TLD at 5 cm or 10 cm depth,
depending on the energy. A second exposure is made with TLD at both 10 and 20 cm to
determine the beam energy by measuring the ratio of depth dose at 20 and 10 cm. This
system was tested at nine institutions by members of Committee #4. Each irradiated the
system on cobalt 60 and at two or more high-energy x-ray beams. A first test was run in early
1990 during which logistics problems with forms, etc. were resolved, and a second run by five
participants was completed in early 1991. Two minor inconsistencies in the system were
identified by the pilot study. These were investigated by IAEA and resolved.

The ratio of the dose stated by the institution to that measured by the TLD was formed.
The mean of this ratio for cobalt 60 was 1.01 ± .02. These results are better than normally
obtained by a mailed system. Figure 2 plots the ratio of stated doseyTLD dose for the 18 x-ray
beams measured. Energies ranged from 4 MV with a depth dose ratio of 0.54 (DD20/DD10 for
a 10-cm square field at 100 cm SSD) up to a 50-MV beam with a depth dose ratio of 0.683. In
an effort to minimize systematic dosimetry differences, the results for each unit were
normalized to the results for cobalt 60 for that institution. The results cluster with less than a
2% spread; however, with a definite energy dependence. The IAEA dose standard is cobalt
60, so this represents an apparent real energy dependence of the TLD. The other notable
result is that the depth dose ratio measured by the TLD was consistently 2% lower than that
quoted by the institution. The acrylic tube holding the TLD was found to shadow the TLD more
at 20 cm depth than at 10 cm. Correction for this shadowing removes the discrepancy.
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Figure 2: Dose stated by the institution relative to that measured by the TLD for the 18 linac
beams measured on the second test of the IAEA-modified TLD system. Data are plotted as a
function of the institution's stated ratio of depth doses at 20 and 10 depth. The data have
been normalized to the cobalt 60 results to minimize the effects of minor systematic dosimetry
differences.

Table 4: Basic Dosimetry Data to be Verified by the Geometric Phantom

• Calibration and field size dependence

• Central axis depth dose

• Beam symmetry

• Wedge transmission

• Summation of doses from multiple fields

Figure 3: Three dimensional view of prototype geometric phantom. TLD are inserted from the
side and are positioned as indicated by the dark circles.

314



c
(D
Q.
O

O

Oin

5cm

à
l
's

Figure 4: Top view of the phantom,
giving location of the TLD and fields
and including pertinent dimensions.

35.2cm

Ü
O

CN

TOP

8cm x 8cm
wedged field

Figures: View of the
phantom as seen by the
wedged field. Pertinent
dimensions are
included.

25.0 cm

Geometric Phantom

Table 4 lists the basic dosimetry data to be verified by the next level phantom. Figure 3
is a three-dimensional representation of the prototype phantom showing the positioning of 11
TLD in the phantom. Top and end views (Figures 4 and 5). give the pertinent dimensions. The
prototype phantom is constructed of polyyinyl chloride (PVC) to be filled with water. The
phantom is irradiated with a two-field technique. First, the phantom is irradiated from the top
by a 15 cm x 15 cm open field. Five TLD are located at 4 cm depth on the central axis and 5
cm off axis along the major axes. Beam calibration and field size dependence are checked by
the central TLD, and beam symmetry and flatness are verified by the off axis TLD. The
phantom is then irradiated with an 8 cm x 8 cm wedged field projected horizontally. The
wedge factor and wedge profile are checked with the three TLD on the vertical axis of the
beam. Depth dose and summation of isodoses from the two fields are checked by the three
TLD near the center of the phantom.

A pilot study of the phantom is being conducted at 10 institutions on a range of therapy
beams. The objective of the pilot study is to evaluate the phantom and TLD system. The
beams include cobalt 60, 4-, 5-, 6-, 18-, and 25-MV x rays. The results of measurements on 12
therapy beams at three institutions are available for analysis at this time. Differences between
the TLD measured dose and the dose stated by the institution participating in the pilot study
are being evaluated. The pilot study has already identified an unusual energy dependence.
The influence of the PVC TLD tube guide on the TLD signal is being investigated as the cause
of this energy dependence.
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In addition, shadowing by "the higher density PVC of the central TLD is being
investigated. Other apparent discrepancies are being investigated to determine if they are due
to the TLD, the phantom, or the participant's data. The phantom also leaked slightly, which
created air pockets. Minor design modifications are being considered to minimize water
leakage and breakage of the TLD holders.

Feasibility Study

Each of the 10 participants in the pilot studies of the two phantoms are identifying four
institutions in their region to participate in a feasibility study of both phantoms. The feasibility
study begins in January 1992.

Summary

The IAEA mailed TLD system in place for cobalt 60 for many years has been modified to
be useable for high-energy photons. A pilot test for cobalt 60 up to 50 MV has been
completed. A second geometric phantom has been developed to audit dosimetry parameters
other than calibration. Preliminary results of the pilot test are promising and testing continues.
The decision to perform a second round of the pilot study will be made in early 1992.
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PLANNED QUALITY AUDIT NETWORK IN THE USA

W.F. HANSON
University of Texas,
M.D. Anderson Cancer Center,
Houston, Texas,
United States of America

Abstract

The paper gives an overview of the planned quality assurance activities in the USA.

PRESENT AND PLANNED SITUATION IN THE USA

There have been a number of radiotherapy physics quality audit programs in the USA over
the past 20-plus years. A few are still in existence. These may serve as a core for a proposed IAEA
worldwide quality audit program. The University of Texas M. D. Anderson Cancer Center has been
active in providing quality assurance and quality audit services to the radiotherapy community since
the late 1960s. One of the early services was a mailed thermoluminescent dosimeter (TLD) program
for monitoring the output of photon beams. This service was provided for a fee. In 1968, the
Radiological Physics Center (RPC) was formed and funded by the National Cancer Institute to assure
that the physical doses reported for patients treated in multicenter cooperative clinical trials were
standardized. The present RPC quality audit programs include a mailed TLD service for both photons
and electrons and dosimetry review visits to the participating institutions by one of the RPC
physicists. From 1974 to 1986, six regional physics centers (CRPs) in the USA were performing
much the same service as that of the RPC for a different division of the National Cancer Institute.
At that time all of the CRPs had mailable TLD programs for monitoring the output of photon beams
and all performed on-site dosimetry review visits. With the exception of M. D. Anderson Cancer
Center, none of the TLD systems is presently active. The for-fee TLD service at M. D. Anderson
has expanded to monitor megavoltage photon and electron beams, orthovoltage, blood irradiators, and
brachytherapy sources (under development). Other for-fee programs include mailed film for light-
and irradiation-field coincidence and beam flatness, and gold foils for measuring neutron leakage from
high-energy linear accelerators.

Another quality audit program in the USA is an accreditation review of a radiotherapy
department that includes physics or a review of the physics program only. This program is offered
by the American College of Radiology but has had little appeal in the community. State and federal
regulatory programs also provide some quality audits.

Since the only significant quality audit programs remaining in the USA come out of M. D.
Anderson, let us look at the extent of its program. Table I lists the number of institutions involved
in the M. D. Anderson programs. There is some overlap in the institutions monitored by the RPC
and the for-fee service, resulting in just over 1000 megavoltage therapy facilities monitored in some
fashion by these two programs. The Patterns of Care program (American College of Radiology,
funded by the National Cancer Institute) performed a census of therapy facilities in 1990 and
estimated that more than 1300 megavoltage facilities are active in the USA. Thus approximately 300
facilities are not included in the M. D. Anderson quality audit programs.

If a USA network were to be established, the first objective would be to identify the 300
megavoltage facilities not presently audited. The Patterns of Care data are proprietary;
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TABLE I: STATUS OF QUALITY AUDIT PROGRAMS SPONSORED BY M. D. ANDERSON

Total U.S.A. Institutions with Megavoltage Therapy* > 1 300

U.S.A. Institutions Monitored by M.D. Anderson 1009 (75%)
Radiological Physics Center (RPC) 810
For-fee mailed TLD 360

Non-U.S.A. institutions monitored 53
European 23
Canadian 24
Latin American 1
Other 5

*Estimate from Patterns of Care 1990 census

however, preliminary discussions suggest that they would be helpful in identifying facilities. Other
sources of data include our federal and state regulatory agencies. The 1700-pIus physicists in the
American Association of Physicists in Medicine (AAPM) that practice radiotherapy physics could be
polled. The files of the calibration laboratories, which calibrate more than 800 dosimetry systems
per year could also be reviewed. It appears that these 300 institutions could be identified. From
other data we estimate that these facilities house approximately 600 megavoltage therapy units, of
which 100 have electron capabilities. The plan outlined in the IAEA quality audit program seems
appropriate; that is, TLD could be mailed free of charge once per year. More frequent TLD could
be purchased for a fee. Discrepancies exceeding 5% would be pursued by phone and an on-site
dosimetry visit if the discrepancy was unresolvable otherwise. It seems most reasonable to start with
approximately 50 institutions. Our priorities would be, first, institutions with an on-site physicist,
second, those institutions with a consultant physicist that consults frequently, last, those institutions
that are served less frequently than quarterly by a physicist. Based on past experience, a conservative
estimate would be that one to two dosimetry visits will be needed per year per 50 institutions.

Funding for such a program would not be straightforward. Government money is very tight.
No budget has been developed; however, an estimate of $20,000/50 institutions annually is not
unreasonable, provided no training or other activities are required. Potential sources of revenue other
than government include:

Professional societies such as the American College of Radiology, AAPM, etc., may have
seed money but probably no continued source of revenue.

The institutions themselves. It is feasible that if TLD were provided free of charge once or
twice, institutions would continue the service voluntarily for a fee.

The manufacturers have expressed interest in being involved in efforts to improve quality, so
they are worth approaching.

In summary, there are approximately 300 megavoltage therapy facilities in the USA that are not
presently involved in an external quality audit program. These institutions could be identified. The
most logical place for a regional network center is M. D. Anderson in Houston, Texas, where two
major programs already monitor more than 1 000 megavoltage facilities in the USA. It appears that
a program could be implemented; however, sources of funding are still questionable.
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SUMMARY AND CONCLUSIONS OF SECTION V

THE WORLDWIDE QUALITY AUDIT NETWORK

W.F. HANSON
University of Texas,
M.D. Anderson Cancer Center,
Houston, Texas,
United States of America

H. JÄRVINEN
Finnish Center for Radiation and Nuclear Safety,
Helsinki, Finland

1. INTRODUCTION

There are more than 3.000 megavoltage radiotherapy facilities worldwide of which not more
than 50% participate in some level of quality audit by an independent expert. Genuine concern exists,
that some or even many of the facilities not presently involved in external quality programs, are
delivering inferior radiotherapy treatment due in part to inferior dosimetry practices. This concern
extends not only to facilities in developing countries without adequate resources but also to facilities
in well developed countries who do not avail themselves of available expertise and resources. There
was general agreement among the participants in the seminar, that the Quality Audit Program
proposed and under development by the IAEA/WHO should go forward as proposed.

2. THE QUALITY AUDIT PROGRAM

The following points concerning the Quality Audit Program were discussed and supported by
the participants in the seminar:

(a) a suitable organization should be identified in each country with megavoltage therapy that
would be responsible for implementing the Quality Audit program. When either sufficient
resources or cost effective need is not available in a single nation, an organization in the
region should be identified to implement the program for several countries.

(b) A comprehensive Quality Audit Program should cover all aspects of radiotherapy dosimetry
from basic output calibration through the delivery of the treatment prescribed by the radiation
oncologist. However, the proposed program appears to have identified the highest priorities
in the treatment delivery chain and should concentrate on the progressive levels of expertise
as proposed. The program could be expanded to topics not presently included, at a later date.

(c) It is not in the purview of this program to audit the treatment techniques or the radiation dose
prescribed by the local radiation oncologist.

(d) Both mailed dosimetry systems and on-site review by competent physicists have a role in this
program. The on-site review provides the opportunity for the most comprehensive audit, and
the most rapid resolution of discrepancies. However mailed dosimetry systems with feedback
to resolve discrepancies appear to be the most cost effective mechanism to identify
potential problems, provided on-site reviews are available to resolve intractable discrepancies.
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(e) Active Quality Audit programs should avoid duplication of effort and share results when
appropriate. This will conserve resources and help avoid ill-will in the participating
institutions.

(f) Quality audit programs must encourage cooperation rather than regulation. Cooperation
should be encouraged between the radiation oncology and physics staff at the participating
institutions as well as between the Quality Audit review center and the participating
institutions.

(g) A Quality Audit should be performed on a regular basis. The frequency will depend upon
local conditions, dictated by the needs of the local radiotherapy community and the resources
of the audit program such as manpower, equipment and methods of audit. Annual audit of
basic output calibration is recommended, however the minimum frequency should not exceed
one visit in every five years. Audit of more complex parameters can be performed at a lower
frequency. There was no consensus on a recommended frequency.

3. THE QUALITY AUDIT CENTER

The characteristics of a quality audit center were also discussed. The following characteristics
were supported by the participants.

3.1. Staff

The center should have highly qualified personnel. The staff should be competent not only
in technical aspects of radiation measurements but also have experience and expertise in the clinical
aspects of radiation therapy dosimetry.

3.2. Access to standards

The center should have easy access to radiation standards directly traceable to international
or national standards, typically through a secondary dosimetry standards laboratory.

3.3. Confidence of the participating facilities

The qualifications of the staff, the quality of the equipment, and the operating procedures
should instill and maintain the confidence of the participating institutions. The participating
institutions should be encouraged to appeal to the quality audit center for assistance in the resolution
of problems they encounter. It is essential, therefore, mat confidentiality can be assured. In some
environments, authoritative powers in the quality audit center may be advantageous, however in many
environments authoritative powers tend to have a negative effect on the confidence held in the center.

3.4. Research and scientific co-operation

The center should be able to maintain close contact with the local, regional and international
medical physics community to maintain competence. The ability of the center to become involved
in research programs to help resolve local dosimetry problems is desirable. The ability to participate
in a clinical radiotherapy facility may also be desirable.

3.5. Subject to external quality audit

The quality audit center itself should be subject to external audit by its peers nationally,
regionally and internationally. This audit should include not only their radiation standards (through
the IAEA or a National Standards Laboratory), but also their clinical expertise and procedures.
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3.6. Training activities

The center should be able to organize workshops and training courses in radiation physics and
dosimetry in the region. They should also be able to assist in the training of radiation physicists.

3.7. Financing

In order to assure that the center can set up the program and maintain the necessary services,
adequate funding will need to be provided. This should include not only seed monies to initiate the
program but also a continuous source of funds adequate to support the program.
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THE ARL LINEAR ACCELERATOR FACILITY
FOR RADIOTHERAPY DOSIMETRY

D.V. WEBB, K.N. WISE
Australian Radiation Laboratory,
Victoria, Australia

G. MATSCHEKO
Department of Radiation Physics,
Linköping University,
Linköping, Sweden

Abstract

A 20 MeV electron linear accelerator has been installed to provide a flexible source of electron and X-ray beams comparable
to radiotherapy accelerators. The linac will be used to improve the maintenance of absorbed dose standards at energies
higher than Co60 and to simulate therapy beams. The direct measurementof therapy X-ray beam spectra, needed to improve
the accuracy of dose planning systems, is being investigated using a magnetic Compton spectrometer to analyse the electrons
produced from a thin scattering target. Such spectral information can be used for estimating doses that are received in
actual irradiations. The EGS4 code is being used to assist the study of these applications.

1. INTRODUCTION

The Australian Radiation Laboratory (ARL) is a branch of the Commonwealth Department
of Health, Housing and Community Services and is concerned with the exposure the population
receives from all forms of radiation, ionizing and non-ionizing. ARL maintains standards of exposure
and absorbed dose in these areas.

A major function of the Laboratory is to assess exposure from the medical use of radiation
and to estimate the detriment to the population that might be incurred. It is responsible for providing
national advice on patient and occupational doses arising from diagnostic radiological procedures and
from the application of radiation therapy. Research activity is undertaken to determine the magnitude
and distribution of these doses, and to support the development of techniques and protocols that might
contribute to dose reduction or more appropriate delivery for greater medical benefit.

2. DOSE STANDARDS

A survey in 1988 in Australia indicated that there were 48 radiotherapy treatment units, linacs
and Cobalt, in about 15 centres around the country coping with roughly 17,500 new patients annually.
To reduce treatment delays, it was estimated a further 17 linear accelerators needed to be installed
before 1995. Already, at least half this number have been put in place and, although several have
been Cobalt replacement, there is a growing demand for calibration of therapy equipment. There was
a concern that the quality of dose delivery will be affected adversely without appropriate dose working
standards available at energies above Co60.

In Australia, measurements of absorbed dose for therapy X-ray beams are related back to an
exposure air kerma standard (maintained by ARL) in a Co60 beam using the International Atomic
Energy Agency (IAEA) protocol [1]. The national standard for absorbed dose is maintained by the
Australian Nuclear Science & Technology Organisation (ANSTO) using a carbon microcalorimeter.
For linac energies up to 4-6 KV, X-ray beam qualities are such that transfer protocols work well.
At higher beam energies another approach is to establish standards of absorbed dose directly and to
calibrate instruments at the relevant quality.
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Fig. 1. Plan of the ARL linac facility. Elements in the beam lines are: D - dipole bending
magnet, S - slits, QA - quadrupolefocussing triplet, C - convenor and electron beam stop, CO -
collimator, T- turntable with alignment rails, QB - quadrupolefocussing doublet, F - scattering foil.
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Fig. 2. The ARL graphite microcalorimeter (schematic). The microcalorimeter is supported inside
an aluminium and steel vacuum vessel. Plastic foam insulation facilitates temperature control of the
heated vacuum vessel. Build up material is added outside the thin aluminium -window.

A 20 MeV Radiation Dynamics electron linear accelerator, previously used by the University
of Toronto in the 1970's for physics research, is now being operated at ARL. It is able to provide
a flexible source of energetic electron and X-ray beams comparable to those from radiotherapy
accelerators. Similar accelerators are in the national laboratories of Canada and the UK. The layout
of the facility is indicated in Figure 1. A beam line has been established where the electrons are taken
through an angle of 50°, passed through a pair of slits that can restrict the energy spread if necessary,
and refocussed to a conversion target. The resultant X-ray beam is collimated to produce a suitably
sized field beyond the internal shielding wall. Studies of flatness are being made so that absorbed
dose measurements can be made at qualities similar to those used by the NPL (UK) calibration service
[2].

A carbon microcalorimeter that is intended to be a portable working primary standard of
absorbed dose for energies above 500 keV has been built at ARL. The configuration is shown in
Figure 2. The calorimeter design is such that it can accept only relatively small fields (7cmx7cm) and
its sensitivity, while enabling it to respond to low dose rates, makes it somewhat vulnerable to noise.
It has been intercompared with the national standard microcalorimeter at ANSTO.
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It is anticipated that from January 1992, ARL will assume responsibility from ANSTO for
the primary Australian standard of absorbed dose. The features noted above, make the ARL
calorimeter less appropriate to be adopted as the national standard and a copy of a carbon calorimeter,
developed by the Austrian Research Center at Seibersdorf on behalf of the IAEA [3], is being
purchased that is better suited to maintaining such a reference.

In addition, the calorimeter will be used to establish measurement standards for absorbed dose
from electron beams. The 0° beam line from the linac is appropriate for this purpose. The electrons
exiting the vacuum window are in a fine pencil beam and are passed through a scattering foil to
create a suitably sized field for the calorimeter or phantom approximately 1 metre away from the foil.
The energy spectrum can be determined by scanning the same beam through the 50° line slits. A
Markus type chamber has been obtained that will be a suitable working standard and can be
maintained against the microcalorimeter.

3. THERAPY BEAMS

The 50° beam line is being used to simulate X-ray beams from clinical therapy accelerators
to study their behaviour and the efficacy of dose delivery. As part of this program a collaborative
project has been to develop a Compton electron spectrometer to measure the energy spectrum of
therapy X-ray beams. Spectral analysis of X-ray beams is a direct measure of the beam quality and
is needed to improve the accuracy of dose planning systems.

Becauseof high fluence rates, therapy spectra are usually impossible to measure by means of
energy dispersive photon detectors directly in the primary beam. Instead, Compton scattering in a
thin, low Z target can be used to create a lower flux of secondary electrons. A transportable
magnetic spectrometer is being developed to measure the spectrum of these electrons from which the
spectrum of the primary photon beam can be determined by deconvolution techniques. The limited
momentum window of the spectrometer (4% in this case) requires that the magnetic field be stepped
through the electron spectrum down to a few hundred keV. The technique has been used in photon
absorption measurements of high resolution [4] but it has not, to our knowledge, been used for the
measurement of therapy spectra.
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Fig. 3. Recoil electron spectra after Compton scattering of monochromatic photons in a 50
thick carbon foil. The three curves are for spectrometer acceptance angles ofl° - dotted line, 2
dashed line and 3° -full line.
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Compton photon spectroscopy, where the energy distribution of the scattered photons is
measured and the primary spectrum is then calculated [5,6], results in an energy resolution of the
primary spectrum as poor as 50% at 20 MeV due to effects of the scattering geometry and the
Compton profile at high photon energies and for large scattering angles (more than 45°) [5,6].

In measuring the spectrum of the Compton electrons, the recoil angle is restricted to achieve
the required energy resolution. At a primary photon energy of 20 MeV, an acceptance angle of ±2°
should give approximately 3 % energy uncertainty. For the outgoing electrons, the scattering foil must
be thin enough to keep multiple scattering small. Figure 3 illustrates the effect of recoil angle on the
electron spectrum for several photon energies up to 20 MeV, using the EGS4 code [7] to model the
scattering. A small angle will include less scattering but give poorer statistics at low photon energies.
The larger angles improve the yield but distort the spectrum with multiple scattered electrons
depending strongly on the photon energy.

Primary spectral information can be used also for estimation of doses that are received in
actual irradiations. As it is usually impractical to measure organ doses directly, doses need to be
calculated from a knowledge of the source spectrum, skin doses and phantom measurements. Some
effort has gone towards constructing a mathematical phantom that is incorporated with the EGS4 code
to undertake these calculations. The code is being used also to assist in the evaluation of dosemeters
and to model aspects of dose delivery systems.
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PC AIDED QUALITY ASSURANCE IN RADIOTHERAPY
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Prague, Czech Republic

Abstract

PC aided quality assurance in radiotherapy. A quality assurance (QA) program in radiation dosimetry is a series of planned,
systematic actions to ensure that the radiotherapy treatments are indeed performed according to the present state of art.
The whole radiotherapeutic process covers mainly two different aspects: prescriptions and the execution of treatment. In
practice QA is typical routine work which should consist of a range of simple and well defined individual operations. These
operations must be regularly performed and therefore are ready to be done on a PC. A QA package is under development
at our institute in co-operation with other radiotherapy departments which will cover the QA from the physical and technical
point of view. It is based on the recommendations given in our national protocol used at present and on some improvements
which are prepared for the new one. The QA package will cover all necessary tests which are performed at fully equipped
radiotherapy departments and they are discussed in this paper.

1.INTRODUCTION

A quality assurance program in radiation therapy is a series of planned, systematic actions to
ensure that the radiotherapy treatments are indeed performed according to the present state of art [1].
Since the radiotherapy department is a clinical and technical entity, it is important that the head
radiotherapist delegates certain quality assurance responsibilities to those individuals in the department
with appropriate professional skill. It thus becomes a team effort to ensure that the radiotherapy
prescription is safely implemented with the desired accuracy and precision. A major problem in any
departmental quality assurance program is that of ascertaining whether and when a certain quality
assurance task, whether clinical or physical, has been performed. The head of the radiotherapy
department must therefore insist that the results of quality assurance tasks, calibration results and
patient related information are properly recorded and that records are kept for an appropriate length
of time. Such procedures are necessary for the purpose of following up investigations and avoiding
possible litigation.

Computers have already had a major impact on radiotherapy in areas such as treatment
planning, machine control and verification and recording of treatment parameters. They are also used
within the typical therapy centre for other management and clerical functions such as patient records,
word processing and report production. Many radiotherapy equipment manufactures have either
implemented or are developing computer network systems to link together their products such as
linear accelerators, simulators and treatment planning systems within a centre so that patient data may
be transferred from one area to another [2,3]. In practice QA is a typical routine work which should
consist of a range of simple and well defined operations. These operation must be regularly
performed and therefore are ready to be done on PC. In this paper we will discuss only the physical
point of view of the QA and therefore the PC can be basically used in the following different ways:

(a) for the acquisition of all necessary data;
(b) for the evaluation of quality assurance assessments;
(c) for keeping records of QA tests;
(d) for complex comprehensive evaluation;
(e) for miscellaneous purposes (instruction manuals, fitting procedures, statistics, etc.).

A quality assurance software package is under development at our institute in co-operation with other
radiotherapy departments in our country. The basic concept of the quality assurance package will be
discussed in this paper.
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2. QUALITY ASSURANCE PROTOCOL

Quality assurance in radiotherapy has not yet been the subject of extensive national or
international legislation. Regulatory measures or recommendations have been prepared by various
intergovernmental or non-governmental bodies, e.g. for radiotherapy equipment, dosimetric
equipment, protective devices, etc. The International Electrotechnical Commission (IEC) has
produced a number of publications dealing with the safety of, and compliance tests on, radiotherapy
equipment and dosimetric equipment [4,5,6]. The International Commission on Radiological
Protection (ICRP) has emphasized the need for quality assurance in radiotherapy in its publications
[7,8] while the International Commission on Radiation Units and Measures (ICRU) also refers to this
problem in a number of well known reports [9,10,11]. A lot of scientific and professional national
organizations, such as the American Association of Physicists in Medicine (AAPM), the Nordic
Association of Clinical Physicists (NACP), the Hospital Physicists Association (HPA) (United
Kingdom) and the Society of French Hospital Physicists (SRPH), have prepared and published
protocols, recommendations or guidelines on quality assurance in radiotherapy [12,13,14,15] which
are also used in many other countries.

The Czechoslovak Medical Physicists Society prepared the first recommendation on quality
assurance for betatrons in 1979 [16,17], which was replaced by a new, more general recommendation
in 1984. This Code of Practice, which covered absorbed dose estimation as well as basic quality
assurance procedures is still used at all radiotherapy departments in our country. At present two new
documents are in preparation. The first one is being prepared for absorbed dose estimation in photon
and electron beams and the second one will cover the quality assurance in radiotherapy from the
physical and technical points of view. The philosophy of Code of Practice for absorbed dose
estimation is based on IAEA Technical Reports Series No. 277 recommendations [18] with some
small modifications similar to those made by Mijnheer in the in Dutch Code of Practice [19]. QA
Code of Practice is based on procedures published in the AAPM Report No. 13 [12], French
recommendation "Quality Control of Electron Accelerators for Medical Use" [15] and our previous
recommendations. The Code of Practice will give detailed procedures applied during acceptance of
radiation therapy treatment machine, followed by simpler techniques for routine quality control during
use of the machine. The periodic verifications as well as frequency of the tests and possible
variations will be defined. Tables will be given for rapid reference of necessary tests to be performed
at a certain period with the corresponding page of simplified quality control method. The tests
performed by the manufacture and the compliance procedures, both of which are generally carried
out before equipment acceptance will be omitted in this Code. The computerized control system
which is nowadays used with most accelerators will require a separate report as well. The next part
of quality assurance in radiotherapy regarding the radiation protection of patient and staff will also
be dealt with in a separate document.

3. BASIC CONCEPT OF SOFTWARE

The QA software package should cover all necessary tests which are performed at a fully
equipped radiotherapy department and it should be sufficiently flexible for the application of each
individual department. The following aspects were taken into account during the preparation of the
software:

3.1. Data acquisition

Quality assurance data are generally obtained from different instruments: dosimeters, water
phantoms, densitometers, mechanical measuring tools etc., and therefore it is difficult to use one
simple method for acquisition of data to computer. An example of instruments used in our
department for QA control is presented in Table I. Some data can be collected by on-line method,
i.e. there is direct connection between measuring instruments and a computer. The transfer of data
from different instrument requires a special software. At the present time there is software available
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TABLE I. INSTRUMENTS USED FOR QUALITY ASSURANCE ASSESSMENTS AT THE
RADIOTHERAPEUTICAL INSTITUTE PRAGUE

ELECTROMETERS

IONIZATION CHAMBERS

WATER PHANTOM AND
DENSITOMETER

MISCELLANEOUS

IONEX DOSEMASTER
SCANDITRONIX RDM-2
KEITHLEY 617
KEITHLEY 35617
VACUTRONIK M2300

NE 2581
NE 2571
PTW - M 2337
PTW - M 23343 Markus
PTW - M 233641
PTW - M 23333
NACP CHAMBER
VACUTRONIC 70 107
VACUTRONIC 70 108
VACUTRONIC 70 110
VACUTRONIC 70 111
VACUTRONIC 70 127
SCANDITRONIX RFA- 7

ROSEMONT barometer
FISCHER barometer
Pt thermometer
Mercury termometer
Digital barometer (home made) RS232
Digital thermometer (home made)RS232
Precision rule
Vernier calliper

1
1
1
1
3

3
3
1
1
1
2
2
3
3
3
1
2
1

1
1
1
3
2
4
1
1

All these instruments are calibrated and their calibrations are
traceable to the national standards. Calibration data are stored in
the proper database and are used for calculations in quality
assurance assessments.The time period for the calibration of
instruments is also checked by computer and it is not possible to
use them for measurements if the calibrations are not valid.

for the accumulation of dosimetric data from two channel dosemeter IONEX DOSEMASTER and
from two channel dosemeter SCANDITRONIX RDM-2 which are using RS-232 interface and parallel
binary port respectively. Transmission of data from KEITHLEY electrometers with the use of IEEE
interface is also under study. Also temperature of air or in a water tank and pressure are collected
automatically using online method via RS-232.

The second possibility for transferring data is to use the off-line method i.e. the data are
recorded by some other computer (for example RFA-7) and then by using special software they are
transferred to a PC by means of floppy discs. This method requires a special type of software for
each type of computer and is considered also in the preparation of our software package.

Unfortunately most of the QA data are entered in the computer manually from readings
performed on different instruments. There is of course a possibility to make a rough error during

333



machine output difference l%] pressure [mbar]

1

0

-1

-2

-3

-4

-5

-6

1010

1000

990

980

970

960
4 6 8 10 12 14 16 18 20 22

day of measurement

Fig.l. Daily checks of output of ORION 6 MV in Fabruary 1990.

TABLE II. INSTRUMENTS UNDER QUALITY ASSURANCE CONTROL AT THE RADIO-
THERAPEUTICAL INSTITUTE PRAGUE

EXTERNAL BEAM
THERAPY MACHINES

BRACHYTHERAPY
MACHINES

SIMULATOR

CT
TREATMENT PLANNING
SYSTEM
IN VIVO DOSIMETRY
SYSTEMS
MISCELLANEOUS

X-Rays PHILLIPS 100 kV
PHILLIPS 250 kV

"Jcs CESIOTHERAX 3N
bl)Co CHISOBALT
Linacs CGR MeV ORION 6MV

CGR MeV SATURNE 43

SELECTRON
MICROSELECTRON

CGR MeV VERASIM

GE CT MAX
GE TARGET
NUCLETRON
TLD HARSHAW 4000
SCANDITRONIX DPD-5
SHIELDING CUTTING MACHINE
VERIFICATION SYSTEM SINGER

1
1
1
2
1
1

1
1

1

1
1
1
1
2
I
1
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this procedure and therefore it will be necessary in future to make the transfer of these data by online
method as well. This procedure will be easily solved for instruments controlled by PC i.e. working
under the same operation system. For example the transfer of data from water phantom PTW M-3
can be solved much more easily than from the SCANDITRONIX RFA-7 one. To ensure that the
introduced data are "reasonable" a limiting system is applied for them, namely for those which are
used for other calculation. A warning signal is given for data which are out of possible limits.

3.2. Evaluation of quality assessments

Very often the read-out of the instrument must be evaluated with respect to actual conditions
and the results are then compared with the expected values of the investigated quantity or parameter.
Most of dosimetric measurements belong to this category. The calculation of necessary parameters
for ionization chambers, calibration of ionization chambers, calculation of absorbed dose for photon
and electron beams is based on recommendations given in the IAEA Technical Reports Series No. 277
[19]. To make calculation simple the semi-empirical or fitted functions are used for estimation of
most parameters. These algorithms which were developed at our institute, have no significant
influence on the overall accuracy of calculations.

The data for mechanical and electrical machine parameters, which are introduced manually,
do not usually need any further evaluations and are directly compared with the expected values and
are checked if they are lying in certain limits which were introduced for each parameter. Table of
limits for each parameter can be modified according to the user or some special requirements (for
example for old type machine one can allow broader range of limits). In the case of off-line transfer
of data it is necessary that at least a partial approximate evaluation is done instantly on the spot to
avoid rough mistakes and to prompt repetition of the suspicious exercise.

Complex comprehensive retrospective evaluation of quality assurance data can be performed
using data stored in databases. These evaluations are very useful from many points. Firstly, they are
showing the quality of the machine on a short or long term basis. Secondly, they can show us the
trend of certain observed parameter of the investigated machine. On the base of this evaluation one
can predict a reparation or servicing of the machine. Fig. 1 gives an example of such evaluation from
data complied with linear accelerator ORION 6. Rather large variation were observed in a daily
machine output measurement for two successive months. Plotting simultaneously deviation of
machine output measurements and air pressure values revealed a coincidence between those two
parameters and the solution for daily difference was explained by non-hermetical sealing of the
transmission ionization chamber of the ORION 6. The chamber was replaced and the problem was
solved. Thirdly, on the base of long term stability of observed parameters one can change the
frequency of measurement of these parameters, i.e. to make modification of quality assurance protocol
for the specific machine. Fourthly, evaluation of a long term quality of the controlled instruments can
indicate the period for instrument replacement or general overhaul.

3.3. Record keeping

All quality assurance measurements are stored in proper databases. The tests are divided into
daily, weekly, monthly, quarterly and yearly tests and for each of them there is a special form. Data
are stored in sub-directories according to the instruments or therapy machines which are under QA
control (see Table II). For a machine with many beams there is another sub-division according to a
beam quality. A typical form of monthly quality assurance tests of accelerators is shown in Table III.
The forms differ according to type of quality assurance performed and according to instrument
controlled. The forms for brachytherapy machines SELECTRON and MICROSELECTRON, used
in our department, are very extensive compared to forms for external beam therapy machines.

There is a system which checks the tune schedule of all quality assurance tests and in case
that test has not been performed in proper time there is a warning. In some cases, like for daily
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TABLE III. MONTHLY QUALITY ASSURANCE TESTS

MACHINE: BEAM: ENERGY:
DATE: MEASURED BY:

MECHANICAL/ELECTRICAL MACHINE PARAMETERS:

1
2

3

4
5
6
7
8
9
10
11

12
13
14

Light/radiation alignment for 10x10 cm, gantry 0
2Accuracy of field size readout for 5x5 cm

10x10
20x20
40x40

•)Accuracy of independent jaw readout for 5x5 cm
from AC 10x10

20x20
Collimator rotation isocentricity
Accuracy of collimator rotation readout
Gantry rotation isocentricity
Accuracy of gantry rotation readout
Block and compensator holder alignment
Table rotation isocentricity
Laser alignment : side , overhead, sagittal
Optical device indicator: SAD and (+-}20cm Odeg

90deg
ISOdeg
270deg

Time switch, linearity
Emergency switches and safety systems
Visual check of all accessories

routine machine output checking of linear accelerators which is performed by on line methods, it is
not possible to continue with the measurements if the prescribed tests have not been fulfilled.

The databases of these data are prepared in an organized way so that the desired portion of
the data can easily be retrieved for specific purposes. All forms can be printed as well.

3.4. Responsibilities

A system of key words will be introduced to distribute the responsibilities. The lowest level
is designed for the technician who makes the day to day entries in the databases and uses the
information in the setting of the correction factor to the verification system. From this level there
is no access to the data stored in the databases. The medium level covers physicists performing major
measurements for QA assessments. They have access to necessary data stored in the database, namely
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TABLE III. (cont.)

Beam quality TPR(20/10) or E„
Reference source measurements:
standard chamber: number:
reference source type:
number:
kerma to air calibration factor:
electrometer: range:
temperature: C
reading:
difference (in %):

pressure :
[Gy/C]

mbar

Absorbed dose to water measurements:
electrometer range:
temperture: C pressure:
depth in water: mm field size:
SSD (SAD) : mm
polarity correction factor:
saturation correction factor:
conversion factor:
absorbed dose to water in reference point
percentage depth dose:
absorbed dose to maxium:
montly correction coefficient:

mbar
mm

Reference source measurements:
monitor chamber: number:
reference source type:
number:
electrometer: range:
temperature: C pressure:
reading:
difference (in %):

mbar

Monitor chamber measurements:
depth in perspex phantom:
field size: nun"
electrometer type:
electrometer reading:
multiplication factor:

SSD(SAD)
range:

to those regarding the measuring instruments (electrometers and ionization chambers). The highest
level is aimed for physicist in charge with full access to all database files, to set up tables, forms etc.
Superior level is intended only for changes in software i.e. for replacing of calculation algorithm etc.

3.5. Help facilities

The basic procedures for all QA tests can be found under the help function. A short
description of all necessary steps for performing the particular test will help those who are not
familiar with the QA tests under consideration and can also help experienced technicians and
physicists to clarify the condition of a test when in doubt.

The system operates under MS DOS version 3.2 or higher. The programs are written in
BASIC, PASCAL, C, FOX PRO or CLIPPER language.
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4. HARDWARE

The system is designed for the following hardware: IBM Compatible computer (better with
mathematical processor, high capacity hard disk storage, high density floppy disk drive) Dot
matrix/laser printer Colour plotter.

The system can be installed on PCs which are also used for other purposes, there is no need
for a special one. Even a part of the system, which can ensure the QA for particular machine, can
be installed on the PC connected with that machine. Using this philosophy the computers used for
another job can also be used also for QA. The transfer of data to the "physicist" computer can be
performed on floppy discs or through a computer network if it is established. There is a possibility
to equip a PC with the special electrometer board for dosimetric measurements and then it will be
much more comfortable to use a laptop PC for the acquisition of data from all therapy machines. The
last possibility is under intensive study.

5. CONCLUSION

The recent technical advances achieved in radiotherapy provide tools to enhance treatment
optimization, accuracy in treatment radiotherapy, and quantitative analysis of treatment outcome.
These tools will allow innovative treatment techniques to be developed. These developments will of
course require perfect and effective quality assurance programs and assessments.

The PC aided quality assurance in radiotherapy system can effectively ensure a QA program
in a busy radiotherapy department from the physical point of view. The system is highly reliable and
relatively inexpensive. It runs under MS-DOS version 3.2 or higher and includes all necessary
facilities for performing of QA on a high standard level. It incorporates data acquisition programs,
calculation programs for estimation of QA parameters, statistics, record keeping facilities, basic
information on the QA protocol etc. The system ensures proper QA assessments in a proper period
and calibration of basic instruments during a scheduled tune.
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QUALITY ASSURANCE OF TREATMENT PLANNING SYSTEMS

P. SIPILÄ
Finnish Centre for Radiation and Nuclear Safety,
Helsinki, Finland

Abstract

In Finland the inspections (site visits) of the Finnish Centre for Radiation and Nuclear Safety (STUK) represent quality audit
procedures for the treatment machines and simulators, but at present do not cover treatment planning and CT imaging. The
centre has now planned to extend the quality audit program to include the whole treatment chain. The preliminary step of
this program was the intercomparison of radiotherapy treatment planning system. As the next step, a special phantom has
been designed in order to check the whole treatment chain from treatment planning to dose delivery.

1. INTRODUCTION

Quality control in radiotherapy should cover the whole treatment chain: from the accuracy
of imaging and dose planning to the accuracy of the dose delivered to the patient.

In external radiotherapy the accuracy of dose planning is dependent not only on the quality
of the calculation algorithms but also on the accuracy of measured beam data and the anatomical
information of the patient. The quality control of dose planning could most easily be performed by
using a suitable phantom in the simulation of the imaging and treatment procedures. In this work a
preliminary phantom was constructed and tested for quality control measurements.

2. MATERIALS AND METHODS

The phantom was constructed from polycarbonate (LEXAN) and it was filled with water.
Polycarbonate was selected because of its good mechanical strength and stability against radiation.
Its density and molecular weight are equal to PMMA. The dimensions and shape were selected so
that the phantom would allow many different treatment techniques, but would not become too heavy.
Because the phantom is water-filled it is easy to place inhomogeneities inside the phantom. The
measurements were mostly carried out with cork or styrofoam lungs and PMNM bones in the
phantom. The end walls of the phantom have several holes for inserting the radiation detectors.
Measurements are nominally made with TL-dosimeters and ionization chamber.

The cross section of the phantom is shown in Fig.l. Certain sections of the phantom can be
considered as anatomical cross sections in two dimensions. The right upper comer of the phantom
is like a non radically surgered breast. The whole phantom with lungs inside is very close to the real
cross section of thorax. Without inhomogeneities the whole phantom can be considered as the lower
stomach (treatments of bladder,prostate and uterus). The left side of the phantom can be treated like
some brain tumors. The left upper comer of the phantom can be treated as larynx.

At first the phantom is filled with water, TL-dosimeters and the watershield for the ionization
chamber are placed at their positions. The phantom is then imaged with the same computer
tomography (CT) equipment, which is used for imaging of patient at the clinic. The dimensions and
densities of the phantom will be verified from these images.
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Fig. 1. Cross section of the phantom.

The dose plan is made with the planning system used in the clinic for verifying the beam input
data. The treatment plan is made so that there is no steep gradients at the measuring points. Point
doses are calculated for each single beam.

The phantom with dosimeters is imaged with the treatment simulator to verify the entrance
point. To locate the TLD's, a lead marker is added to both ends of TLD's watershield. The
TL-dosimeters used in this work are Li^fy pellets.

After simulation the treatment is carried out according to the plan. The ionization chamber
is verified against a check source and pre-irradiated for residual charge. The reading of dosimeter
(NE 2570) is recorded after each field, but the reading is not zeroed. After the treatment the TLD's
are removed for dose reading and the phantom is placed again at the same position to verify the set-up
accuracy.

The depth of ionization chamber usually differs from the reference depth, but the differences
of stopping power data and perturbation factors seems to be small enough to be neglected for photon
beams. The effect is larger in electron beams and therefore measurements with ionization chamber
are much more time consuming. The phenomenon has not been tested with this phantom, but the real
time measurements can be made with a calibrated silicon or diamond detector.
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3. RESULTS AND DISCUSSION

Table I. Review of tests performed

Anatomical Number Radiation Fields Maximum error found
reference of in total in worst repeatability

measurements dose % field % %

Breast 6 X4 2wedge 1,4 2,1 0,5

Bladder 2 X15 2wedge 4,0 6,0 0,2
2open

Brain 2 X6 2wedge 2,0 3,0 0,4
lopen

2 X4 -"- 0,8 2,0 0,5

Thorax:
mediastinum 4 X4 2wedge 2,0 4,0 0,6

lopen

5 X24 3wedge 4,1 11,1 0,6

4 X24 2open 0,7 0,8 0,5

medulla 2 X4 2wedge -2,0 -4,0 0,6
lopen

l X24 2open -1,1 -2,0

Whole body l X24 lopen -1,3 -1,3

The tests performed so far are reviewed in Table I. The phantom was scanned at two clinics,
both using Siemens Somatom DR-2. The maximum error of dimensions was found to be 1% (3mm)
and that of densities 5%. In both clinics the measured data was transferred to the dose planning
computer by floppy disk. The transfer did not affect the dimensions. In some clinics the outline
contour is manually transferred to the computer using CT-film and digitizer. In these cases the error
can be 7-8 mm.

It is important to verify the dose from each single beam, because the total error can be
acceptable while the error of single beam can not be acceptable. For example, Fig.2. shows the dose
plan for mediastinum. After the treatment a total error of 3,5% was observed. When the errors of
single beams were calculated it was noticed that fields 1 and 3 are correct within about 1 % but field
2 gives about 11% higher dose than expected. The reason for the error was partly from dose
planning system (3%) and from loose bolts in wedge tray (8%).
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Field 1 Field 3

Water PMMA

ield 2
Fig. 2. Dose plan for mediastinum.

These measurements have been made during site visits at the clinics. In Finland every radio-
therapy center has at least one calibrated dosimeter, so the phantom could be sent to the clinics by
mail and be treated by the normal staff. This should give some more information of the dose
prescription and set-up accuracy.

If the therapy center do not have a calibrated dosimeter, the absolute dose has to be read from
the TL-dosimeters and the ionization chamber results has to be used only for separating the single
beams. At the moment absolute dose measurements with TL-dosimeters are still under inspection due
to the effect of watershield and calibration, but the relative dose distribution can be measured with
the uncertainty less than 3 %.

The accuracy of TLD's can be improved by using two or more pellets at the same location
and taking their mean value. Because the pellets do have an individual calibration factor, it is
necessary to keep them in good order that they do not get mixed. When two pellets are used at the
same location, their orientation should be the same in calibration. It is easiest when the back sides
of pellets are placed together.

This phantom is designed for two dimensional planning systems, but the method is easily
adapted for three dimensional phantoms as well.

The phantom allows measurements with simple as well as difficult geometry. If the
measurements are first carried out with difficult geometry and no errors are detected, there is no need
for measurements in simple geometry. But if errors are found, then it is possible to continue in
simple geometry with the same phantom for finding the origin of error.
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RADIATION DOSIMETRY IN CYPRUS

M.N. ANGELIDES, A. COSTEAS
Physics Department,
Nicosia General Hospital,
Nicosia, Cyprus

Abstract

Cyprus is a small island in the eastern part of the mediterranean sea with a population of 700-000. A small Physics
Department in the Nicosia General Hospital is responsible for all matters related to ionising radiation. The main applications
of ionising radiation are in medicine, some applications of radioisotopes in agriculture and hydrology research and very few
applications in industry with sealed radiation sources. The same problems in radiation dosimetry are encountered as in any
other countries but on a smaller scale. These have to be solved locally, because of the island's geographic isolation. All
the infrastructure including Secondary Standard Dosemeters, field instruments and calibration sources is needed in order
to achieve this, but the financial resources available are very limited. For this reason improvisation is often necessary. The
Co-60 and other X-ray units intended for radiotherapy or other clinical use, are used as radiation sources for dosimetry and
calibration of the instruments. Simple, locally made phantoms are designed in order to decrease costs whenever possible.

1. RADIATION SOURCES AND THEIR CALIBRATION

Radiation sources of high activity are only used for radiotherapy which is practised at three
centers:

(a) The Nicosia General Hospital which has:
an AECL Theratron 780 Co60 unit;
a Picker CM80 Co60 unit;
an EMI Therapax Superficial X-ray unit operating at 50, 90, 120, and 150 KV;
the Amersham Manual Afterloading Csl37 gynecological system.

(b) A private clinic with a Shimadzu RTGS-10 Isoiron Co60 unit installed in 1984.

(c) The hospital in the occupied part of Nicosia:
an ALCYON Co60 unit was donated by the U.N.H.C.R. for the use of the Turkish
Cypriots in the occupied areas to which we have no access. Before the installation
of this unit the Turkish Cypriots were treated at the Nicosia General Hospital.

Radiotherapy started in the 1950's with a superficial X-ray therapy unit and intracavitary and
interstitial irradiation using Ra-226.An ionisation type instrument was used to measure exposure rate
in air and backscatter factors were used to convert to dose rate.

Proper radiation dosimetry started with the installation of the first Co60 unit in 1963 at the
Nicosia General Hospital. The calibration of the machine was undertaken by Prof. Cohen and Mr.
T.H.E. Bryant through the IAEA. A Farmer-Baldwin dosemeter with 0.6 cm3 and 0.2 cm3 chambers
was used to measure dose rates at 5 cm in a "home designed and produced" phantom for all field
sizes. The isodose curves provided by the company were used for treatment planning. About this
time the film badge service for personnel monitoring was also established.

The first medical physicist was appointed in 1968 and a second one in 1970. The
Farmer-Baldwin dosemeter was sent to the N.P.L. in England once a year for calibration. This meant
that we were without a dosemeter for several months and for this reason we decided that it was more
convenient to set up a Secondary Standard Dosimetry Laboratory.
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With the help of the IAEA we acquired:

(a) a therapy level secondary standard exposure meter with the lucite intercomparison
phantom for simultaneous irradiation and the IAEA water phantom in 1979;

(b) a protection level IONEX secondary standard exposure meter;

(c) a Farmer 2570 field instrument in 1985.

The therapy level secondary standard exposure meter is calibrated at NPL, England at regular
intervals. The last calibration was done in 1989. The sensitivity of all instruments is checked regularly
using their respective Sr90 sources. Since its last calibration the sensitivity of the therapy level
instrument differs consistently by about 0.3% from the value quoted by NPL.

2. INTERCOMPARISON OF INSTRUMENTS

2.1. High energy, high dose rate

The intercomparison is carried out every 4-5 months using the IAEA lucite phantom [1][2].
Instead of establishing a separate irradiation facility, we use the Theratron 780 treatment unit of the
hospital as the radiation source for economic reasons.

2.2. Medium energy, high dose rate

The instruments are intercompared in air using a tip to tip arrangement [1]. The radiation
source used is the superficial X-ray therapy unit. The position of the chambers with respect to the
center of the beam is checked by taking a radiograph of the chambers in position, since there is no
light beam for positioning. The intercomparison of the instruments is repeated once a year.

2.3. Protection level instruments

The instruments are intercompared with the IONEX Secondary Standard Dosemeter. The
superficial X-ray unit is used and the dose rates reduced using aluminium and copper filters. The
equivalent HVLs have been measured for each set-up. Even though this is a relatively adequate
procedure the unit is rather busy with patient treatment. We have therefore asked and are expecting
to receive through the IAEA technical assistance program a panoramic calibration irradiator containing
20 Ci Cs-137, 1 Ci Co-60 and 200m Ci Am-241 which will be installed in a separate building on the
hospital grounds. This will provide the Nicosia SSDL laboratory with proper irradiation facilities.

3. CALIBRATION OF THERAPY UNITS

3.1. Co60

Every time the Co-60 source is replaced, which is every seven years, a complete calibration
of the unit takes place. The dose rates at 5 cm depth are measured in the IAEA water phantom for
a large number of fields covering the whole range of sizes used. These are extrapolated to dose
maximum using the published central axis depth dose data [3]. Graphs are drawn of the dose rate as
a function of equivalent area. The curves are smoothed to average out experimental errors and from
these curves we derive tables of the field factors for each field size.

Dose rate at 100% (X,Y)
Field factor(X,Y) = ___________________

exposure rate in air at 100 cm
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The isodose curves used for treatment planning are those supplied by the manufacturer of the unit.
We have a Therados water tank and probes to measure isodose curves. This has been used to check
the isodose curves provided by the supplier for the Theratron 780. The agreement was such as not
to warrant any modifications. Sets of isodose curves for fields not supplied will be done for both units
in the near future. All therapy units are checked once a month and after repairs. We check the
geometric and mechanical parameters and measure exposure in air. The results are plotted and
checked for statistically significant differences and to detect any trends of change. Reproducibility is
within 1 %. So far we have twice detected displacement of the source with a reduction of the exposure
rate of only 2.5%. Pinhole camera checks are performed half yearly or whenever there is suspicion
that something has happened to reduce the exposure rate. Treatment plans for patients were drawn
by hand. Recently we acquired a treatment planning system which is now in full operation.

3.2. Superficial unit

In this case the chamber is half embedded in a perspex phantom and the dose rate measured
with the Farmer 2570. In the case of very small fields of 1 cm diameter, the old Farmer-Baldwin
is used as it has a 0.2 cm3 chamber. Lead cut-outs are used for all fields as in daily practice
corrections applied for the change in FSD, caused by the thickness of the cut-out and the diameter
of the chamber [4]. The HVL of the various energies used is measured in air using the smallest cone
available (1 cm diameter) as described in the literature. This is necessary in order to deduce the
calibration factors applicable for each kV. [4]. During the monthly checks, the exposure rate in air
is measured at 60 cm FSD for all kVs and the ratio of dose rates at 9 and 12 cm depth is measured
to detect any changes in the HVL [4].
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Fig. 1. WHO/IAEA TLD intercomparison.
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We are planning to introduce TLD dosimetry in order to check doses to critical organs and
verify radiotherapy plans. We have been given the necessary equipment through the IAEA technical
assistance program but some problems have arisen which are delaying the whole program.

In the case of intracavitary insertions we use the Csl37 Amersham Manual afterloading
system. The positioning of the sources is checked in the operating theatre by means of a portable
C-arm fluoroscopic unit. The patient is then taken to the X-ray department and orthogonal radiographs
taken to enable us to calculate doses to points "A" and "B". The calculation of doses are now carried
out with the treatment planning system.

Since 1971 we have been participating in both the WHO/IAEA and the IAEA TLD
intercomparison programs. Our results for both programs are shown in the graph (Fig.l). The %
deviation of the difference of the dose calculated by us and that measured is shown for the different
periods that we participated and is less than 4%. Participation in these intercomparison programs
gives us the reassurance that our dosimetry is reliable and it can be considered as a very good external
quality assurance scheme.

4. DIAGNOSTIC RADIOLOGY

In diagnostic radiology we put a lot of effort on quality control of the X-ray units in order
to reduce patient dose while optimising diagnostic image. The required accuracy and reproducibility
in dosimetry is not as high as in radiotherapy. An MDH X-ray measuring system is used to measure
exposures. We plan to use TLD dosemeters to measure entrance doses for different diagnostic
applications. The purpose is to evaluate current diagnostic practice and to make suggestions to
improve performance and minimize radiation dose to the population whenever possible.

5. PERSONNEL MONITORING

The monitoring film badge service has been operating since 1969. We cover all radiation
workers in the government controlled area. It should be emphasized here that there is no legislation
concerning the use of radiation sources and monitoring is compulsory only for those employed in the
government service. Those in the private sector are monitored on a voluntary basis.

Every month we review all doses received by personnel and if the dose received is higher than
expected for the type of work undertaken we investigate the case and discuss the problem with the
individual involved. We suggest corrective measures and proper practice to minimise dose. We have
had 20 such cases in the last 10 years.

We are at the moment trying to establish a TLD monitoring service. We have been given the
necessary equipment through the IAEA technical assistance program. Unfortunately, we have some
problems with the equipment and this has delayed the whole TLD dosimetry program.

It is understood that through the years we have had to rely on what was available and in many
cases we had to improvise. In cases where the proper equipment was not available, we had to put a
lot of care to optimise procedures and decrease experimental errors as much as possible. We increased
the frequency of measurements in each field to average out random errors.

It is evident from the TLD Co-60 intercomparison results mentioned above that our overall
performance fares quite well compared to other properly equipped institutes. The installation of the
panoramic irradiator will help us improve our dosimetry practices.
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RADIATION DOSE IN RADIOTHERAPY OF CANCER OF THE BREAST
FROM PRESCRIPTION TO DELIVERY
The Nigerian experience
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A. ADENIPEKUN, O. SAIDU
Radiotherapy Unit,
University College Hospital,
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Abstract

Between 1 January 1989 and 6 January 1991, the Radiotherapy Unit, University College Hospital, Ibadan, Nigeria was the
only functioning Radiotherapy Unit in Nigeria (Population - 100 million). During the said period, about 1500 cases of
cancer were referred to this centre from all over Nigeria and some West African countries for radiotherapy. Cancer of the
breast was the commonest malignant tumour seen and treated with radiotherapy during the stated period. The 125 cases of
breast cancer patients analysed in this paper fall into two major categories - those with early stages of the disease who had
post operative curative high dose external radiotherapy and those with advanced inoperable stages who only had external
radiotherapy with hormonal or with cytotoxic chemotherapy. This paper presents stages in the management of these patients,
the rationale for determining the radiation dose for different stages of the disease in different patients, the manual planning
viz-taking contour of the treatment area, dosage fractionation and delivery of radiation therapy. The paper evaluates the
various post radiation side effects and complications encountered due to manual planning presently being employed in the
unit and suggestions are made as regards the usage of treatment planning system for better and accurate delivery of radiation
cancerocidal dosage with minimum side effects, and complications of normal tissue surrounding the tumour in the treatment

1. INTRODUCTION

The Radiotherapy Unit at the University College Hospital Ibadan, Nigeria was established in
1987. The Unit has one radiotherapist, one trained medical physicist, two radiographers and one
technician for maintenance of the therapy machines.

The therapy facilities available include the following: 1 Telecobalt Megavoltage unit 1.25
(MeV); which is the only functioning teletherapy machine; 300 kV and 100 kV x-ray machines - both
of which are not functioning. Radioactive caesium is available for manual afterloading intracavitary
insertion for treatment of gynecological tumours.

Of the only two existing radiotherapy centres in Nigeria, the radiotherapy unit of the
University College Hospital Ibadan was the only functioning one between January 1989 and January
1991. One thousand five hundred cancer patients were treated in the unit during the stated period.

In this study, we present the radiotherapy dosimetry data and results of radiotherapy
management of 125 breast cancer patients treated with radiation during the first six months of 1989
(January to June 1989) in our centre.

The challenges as well as the difficulties encountered in a newly established Radiotherapy
Centre in a developing country, especially in the area of radiotherapy dosimetry are enumerated in
this report.

2. PATIENTS AND METHODS

One hundred and twenty-five patients with histologically diagnosed malignant tumours of the
breast were reviewed and analysed in this study.
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TABLE I

STAGE OF DISEASE

I

II

III

IV

TOTAL NUMBER
OF PATIENTS

NUMBER OF
PATIENTS

8

40

55

22

125

PERCENTAGE
BY STAGE

6.4

32

44

17.6

100%

SEX

MALE - 4
FEMALE - 121

The patients were stratified according to stage of disease, age and sex. Of the 125 patients,
8 were stage I, 40 were stage II, 55 stage III and 22 were stage IV (Table I).

There were 4 male patients and 121 female patients. Age range of patients varied from 22
to 79 years with an average of 43.5 years. The eight patients with stage I disease were referred for
post lumpectomy radiotherapy.

Planning of the patients was manual as our Ibadan centre is yet to have a treatment planning
system.

The tangential chest fields are used in treating the entire breast tissue volume. The medial
chest wall tangential field is identified and marked out at the midline of the sternum or at about 3-4cm
to the midline on the contralateral chest if the internal mammary chain of lymph nodes need to be
irradiated. The lateral chest wall tangential field falls on the midaxillary line or 1 to 2cm beyond the
dependent breast tissue. The upper border is between the first and second intercostal spaces, while
the lower border is placed 1cm inferior to the inframammary sulcus. With the aid of a lead rule, the
contour is taken at the mid-level of the medial and lateral chest wall tangential fields and the outline
is drawn out on a sheet of paper (Fig. 1). Appropriate wedge filters are chosen to avoid delivering
higher doses to the nipple and areola region of the breast. The skin area, the subcutaneous layer, the
chest wall and the underlying lung tissue are all identified in the contour map and with the isodose
curve chart, percentage depth doses to these areas are calculated.

The telecobalt 1.25 MeV beams are then directed through the two tangential wedged fields to treat
the entire breast tissue.
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MID STERNAL LINE

FIELD 1

LATERAL
BORDER

CHEST WALL

FIELDS 1 x 2 - TANGENTIAL WEDGED CHEST FIELDS

Fig. 1. Manual planning for breast cancer isodose curve with percentage depth doses shown.

A dose of 50Gy in 5 weeks at 2Gy per fraction is delivered to the mid portion of the breast. The
lumpectomy region of the breast is thereafter bolused and an extra 15Gy is delivered at 2Gy per
fraction in one and a half weeks to this site. Radioactive source implants (brachytherapy) therapy
would have been preferred to deliver the boost dose to the lumpectomy region in view of the physical
characteristics of delivering high dose to site of implant with rapid fall off of dose to normal
surrounding tissue (1). However, we lack this facility in our centre. The rationale for prescribing
the total tumour dose of 65Gy at 2Gy per fraction over 6 and a half weeks was because of the
curative intention for this early stage disease. The 95 patients with stages II and III disease were
referred to our unit for post operative radiotherapy following simple mastectomy and axillary
clearance. The fields of irradiation are marked out on the patients' skin viz: medial and lateral chest
wall tangential fields, parasternal field (if the tumour is located in the inner quadrants of the breast)
and also anterior and posterior supraclavicular/axillary fields.
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TABLE II. RESULTS OF RADIATION THERAPY

ww<3wl-lQ
'o
ia
3$W

I

II

III

IV

RADIATION SIDE EFFECTS

SKIN
Rad.
Der-
matitis

1
N
M
N

Ulcé-
ration

N
1
N
N

Para-
esthesia
of Cheat
Wall &
Upper
Limb

N
1
1
N

Fibrosis
of

Shoulder

N
2
2
N

Rad.
Pneumonitis

1
2
1
N

LOCO-REGIONAL TUMOUR
RECURRENCE

Chest
Wall

N
12
14
4

Axilla

N
2
2
1

Cervical

1
3

2

1

2 YRS POST RADIOTHERAPY

No Of
Patients
Dead

N
14
30
16

No Of
Patients
Alive
With No
Re-
currence

5
3
3
N

Total
No Of
Patients
Alive

8
26
25
6

TOTAL
No Of
Patients
Per
Stage

8
40
55
22

%TAGE
Survival
At
2 Years

100

65
45.4
27.2



The manual planning of these groups of patients is essentially as for stage I patients.
However, in view of high potentiality of cutaneous infiltration by tumour in stages II & III disease
patients, as a routine, chest walls are bolused. The telecobalt 1.25 MeV beam was utilised for the
treatment and the aim was to deliver 5OGy in 5 weeks at 2Gy per fraction to:

(a) the mid chest wall region;
(b) the mid plane of the antero-posterior supraclavicular/axillary opposed pair of fields;
(c) The parasternal field at a depth of 3cm (to irradiate the internal mammary chain of lymph

nodes). The rationale for prescribing the stated radiation dose was to achieve cure for patients
with stage II disease, while for stage III disease it was to enhance tumour control.

The 22 patients with stage IV disease, received external radiotherapy with the telecobalt beam
directed at the medial and lateral tangential chest fields. A tumour dose of 30Gy at 2Gy per fraction
was delivered in 2 weeks. The rationale for the dose prescribed for these patients was to achieve
palliation of symptoms viz - control of pain, ulcération, tumour debulking, fungation.

3. RESULTS (See Table II)

All the 8 patients with stage I disease are alive 2 years post radiotherapy. Five of these
patients are free of local-regional tumour recurrence or radiation side effects or distant metastasis.
Of the 3 remaining patients: one had radiation dermatitis, one had post radiation pneumonitis
(exudative type), while the third patient presented with metastatic cervical lymphadenopathy 1 year
post radiotherapy.

Of the 40 patients with stage II, 14 were already dead 2 years post radiotherapy, only 3 of
the surviving 26 patients are free of loco-regional tumour recurrence or distant metastasis or radiation
side effects. Six patients had radiation side effects viz: - 1 patient - skin ulcération; 1 patient -
paraesthesia of chest wall/upper limb; 2 patients - post radiation fibrosis of the shoulder; 2 patients
- exudative radiation pneumonitis.

Twelve patients had chest wall tumour recurrence, 2 patients had metastatic axillary
lymphadenopathy; while 3 patients had metastatic cervical lymphadenopathy. 65% of stage II patients
are alive 2 years post radiotherapy.

Thirty out of the 55 patients with stage III disease were dead 2 years post radiotherapy. Of
the surviving 25 patients, 3 patients are alive and free of disease. Radiation side effects were
encountered in 4 patients viz: 1 patient - paraesthesia of chest wall and upper limb; 2 patients - post
radiation fibrosis of the shoulder; 1 patient - exudative radiation pneumonitis. Fourteen patients had
chest wall tumour recurrence, 2 patients had metastatic axillary lymphadenopathy, while 2 patients
had metastatic cervical lymphadenopathy. Of the stage HI patients 45.4% were alive 2 years post
radiotherapy.

Sixteen of the 22 patients with stage IV disease had died 2 years post radiotherapy. Of the
surviving 6 patients, 4 had chest wall tumour recurrence, 1 had metastatic cervical lymphadenopathy
and the other remaining patient had metastatic axillary lymphadenopathy. 27.2% of stage IV patients
were alive 2 years post radiotherapy.

4. DISCUSSION

All the 8 patients with stage I disease have survived for 2 years post radiotherapy. The result
may be attributed to two factors.

(a) Unlike patients with other stages of this disease, stage I patients did not undergo the average
waiting period of 2-3 months, before commencing radiotherapy. They were treated promptly.
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(b) The second reason may be attributed to the radiation dosimetry prescribed for stage I patients.
Apart from the 50Gy delivered in 5 weeks at 2Gy per fraction, extra boost dose of 15Gy in
one and a half week at 2Gy per fraction is delivered to lumpectomy site to eradicate any
residual microscopic disease in this area. The total dose prescribed appears optimal.

In fact studies from some centres have shown that 90% of the time, a dose of 5OGy in 5
weeks at 2Gy per fraction is sufficient to eradicate foci of disease left after lumpectomy (2).

However results of the radiotherapy management of patients with stages II, III and IV disease
confirm treatment failure. Of concern is the high rate of loco-regional tumour recurrence and various
radiation side effects encountered.

The reasons for the treatment failure are multifactorial amongst which are:

(1) Problems with obtaining regular and accurate radiotherapy dosimetric data in our centre due
to:

(a) Unavailability of radiation dosimetric facilities viz: Ionisation Chamber,
Thermoluminiscent Dosimeter (TLD): Water Phantom.Because of this situation, radiation
output calibration of the telecobalt machine is carried out only once in a year following
request to another hospital i.e.Lagos University Teaching Hospital's Dosimetric Laboratory.
In optimal situation, this calibration should be carried out at least 4 times a year.

(b) In vivo dosimetry are not carried out as we lack TLD and diodes needed for this
procedure.

(c) Lack of treatment planning system. The manual planning still being employed is subject to
numerous errors.

The other factors responsible for treatment failure are:

(2) Shortage of radiotherapy centres and radiotherapy facilities

Nigeria - with a population of 100 million has only 2 Radiotherapy Centres
United Kingdom - with a population of 55 million has 65 Radiotherapy Centres
Netherlands - with a population of 14 million has 21 Radiotherapy Centres

There is at the moment only one functioning radiotherapy teletherapy machine - the cobalt
machine, in Nigeria.

Shortage of Radiotherapy Centres and therapy facilities result in long waiting period 2-3
months before patients commence radiotherapy; and also result in protraction of treatment. A tumour
dose of 50Gy planned for 5 weeks usually spans on the average weeks. Hence - high rate of tumour
recurrence in this study is noted.

(3) Dearth of radiotherapy personnel.
With 1 radiotherapist, 1 medical physicist and 2 radiographers rendering radiotherapy service to 750
patients per year (as is our situation at Ibadan), this heavy work load may increase possibilities of
errors in planning and treatment of these patients.

(4) Late presentation of disease by patients to doctors.
In this study, 77 out of 125 patients (61.6%) presented at first visit to the radiotherapy clinic with
stages III and IV disease. The sad consequence of this situation as regards radiotherapy management
is that for this group of patients palliative rather than curative therapy is delivered.
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5. CONCLUSION

In Nigeria, Radiation Dose in Radiotherapy from prescription to delivery in the management of
breast cancer (and indeed all malignant tumours) is beset with problems as enumerated above.
However these problems should be regarded as challenges.

The following steps are being taken in order to find solutions to some of these problems:

(a) Efforts are being made to obtain facilities for medical physics laboratory which will include
radiotherapy dosimetry equipments at Ibadan Radiotherapy Centre. The International Atomic
Energy Agency, (IAEA) is rendering this support.

(b) The IAEA is also making plans to obtain for Ibadan centre, a treatment planning system very
soon.

(c) Locally, in Nigeria, we have obtained some fund from the Government to rehabilitate the
faulty 300 KeV, 100 KeV and simulator machines.

(d) The IAEA and the World Health Organisation (WHO) have offered fellowship training
programmes to several Nigerians in different Radiotherapy Centres all over the world to
specialise in radiotherapy and to train as therapy radiographers.

(e) Studies carried out by researchers have shown that over 60% of Nigerian Cancer patients are
presented with late stages of the disease - stages III and IV. Ignorance, illiteracy and
superstitious belief are responsible for this situation. Intensive cancer health education at
grass-root level is being carried out to raise the awareness of the populace about cancer,
which we hope will result in early detection and early presentation of the disease when
curative radiation therapy can be offered.

With the availability of more therapy facilities and more Radiotherapy Centres and with more
radiotherapy personnel, it is hoped that the standard of Radiotherapy Dosimetry and Radiotherapy
Management of breast cancer patients (and indeed all cancer patients), will improve with the attendant
better cure rate and tumour control.
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ACTIVITIES OF THE RADIATION PHYSICISTS IN BULGARIA

V. MILTCHEV
Radiological Department,
National Oncological Center,
Sofia, Bulgaria

Abstract

The infrastructure of radiotherapy in Bulgaria is discussed, with emphasis on the situation regarding dosimetry and quality
assurance.

There are ten regional oncological centers in the country and the National Oncological Center
in Sofia, where radiotherapy is performed and physicists are engaged in it. For high energy external
beam therapy telegammatherapy units "Gammatron-3" and "Rocus" and accelerators "Siemens
Betatron 43 MV" and "Neptun 10P" are used and for brachytherapy - radioactive linear sources of
Cs-137, wires of Ta-182 and Ir-192 and one afterloading machine "Microselectron HDR" with Ir-192.

The physicists are in charge of dose calibration of the radiation sources, which is done by ion
dosimeters calibrated in [R]. Sets of isodose charts are prepared for every radiotherapy unit,
assuming a constant value of the conversion factor C for gamma- and x-ray beams and after Harder's
method for electrons. A secondary standard laboratory is established in the National Oncological
Center. It is in charge of the initial and annual standardization of the clinical dosimeters throughout
the country for photon beams in the range from 10 keV up to 1.25 MeV and of the initial dose
calibration of telegammatherapy units after source exchanges.

Checks of the dose monitors and the energy of the accelerators are made every day and
complete calibration - once a year and after each technical intervention.

Dose planning is made individually for every patient. Mainly it is done manually using sets
of isodose charts, prepared for every unit, and partly by a computer planning system named DOPSY
or some self produced programs. Recently in some oncological centers are put into use computer
planning systems based on hardware produced in our country and software written by our
mathematicians and physicists. Unfortunately these systems do not reach yet the virtues of the well
known commercial ones. For planning of intracavitary brachytherapy with linear sources and
interstitial brachytherapy with radioactive wires in which the linear activity is either constant or
increasing exponentially from the center towards the ends, computer programs written by us are used.
The brachytherapy with "Microseletron HDR" is planned by the NFS.

Routine in-vivo dosimetry control of the radiotherapy is carried out by thermoluminescent and
ion dosimeters inserted in suitable places and cavities of the patient.

Radiation control and monitoring of the working area and the staff is performed by film,
ionometric and thermoluminescent detectors. In the most hazardous cases several detectors are used
simultaneously. The unsealed laboratory sources are controlled periodically for radioactive
contamination, while being checked up daily by the laboratory staff. Besides these routine activities
the physicists are engaged in the radiation protection design of newly built rooms.

The radiological physicists are directly involved into the research activities of the health
institutions working in good collaboration with the medical staff. The main problems solved are the
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enhancement of the efficiency of radiotherapy by improvement of irradiation techniques in use and
development of new ones. Pure physical problems, such as the interactions of radiation with matter,
the boundary effects, and the influence of the physical characteristics of the medium on the dose
distribution are also studied.

To keep up-to-date knowledge of the physicists every year qualification courses are held at
the National Oncological Center which is in charge of the quality assurance of radiotherapy in our
country. Periodically, specialization courses are organized for physicists and radiotherapists.

There is a general understanding in the radiological institutions that the participation of the
physicists is of great importance for effective performance of the radiotherapy.
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PROBLEMS AND CHALLENGES IN RADIATION DOSIMETRY IN LAGOS
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College of Medicine,
University of Lagos,
Lagos, Nigeria

Abstract

Much progress has been made in the use of ionizing radiation for the treatment of malignant diseases. The control of these
diseases depends to a large extent on the type of radiation equipment used and the precision at which the radiation dose is
delivered to the tumour site. The world-wide expansion of this treatment modality and the demand for greater accuracy in
dosimetry prompted the World Health Organization to establish, in collaboration with the International Atomic Energy
Agency (IAEA), SSDLs in many parts of the world among which Lagos was designated a centre in 1976, The objective
of these bodies was to enable the laboratory to cater for all dosimetric needs in the country and other parts of the West
African sub-region. This paper reports on the work done so far and also highlights the various factors which have affected
the full realization of accurate dose delivery in radiation therapy in Lagos.

1. RADIOTHERAPY TREATMENT PLANNING

The Radiotherapy Centre in Lagos was established in 1968. It was the only centre in Nigeria
for a population of about a hundred million people until 1987 when another centre was established in
Ibadan. The department is equipped with the following:

(a) 1 Cobalt 60 Thyratron 780 Unit
(b) 1 50 kV X-ray machine
(c) 2 Curietron remote afterloading intracavitary machine donated by the IAEA in January 1991.

The Cobalt-60 machine broke down about four years ago but was recently repaired.

Over 60% of Nigerian cancer patients are presented with advanced disease (Ketiku and
Durosinmi-Etti, 1984). Patient data acquisition is in most cases based on:

(a) clinical and surgical findings;
(b) radiological investigations;
(c) histopathology, e.g. tumour grade, etc.

CT scan, simulator and radioisotope scan facilities are not available. Patient contours are
taken manually with lead wires. The points of interest are shown in Fig. 1.

The Planning Target Volume is usually large due to extensive local disease and inadequate
facilities for proper tumour definition. Isodose plannings were done manually until nine months ago
when IAEA donated a Multidata Computer Planning System for external beam planning.

Mould Room facilities are not available. Therefore, patient immobilization is done by
improvisation.
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Fig. 1. Selection of treated volume in radiation planning.

2. DOSIMETRIC ACTIVITIES

2.1. Equipment

Shortly after reaching an agreement with the Government of Nigeria, the Secretariat
responsible for SSDL administration in both United Nations bodies started to make the necessary
equipment available to make the laboratories fully functional.

The equipment consists of:

(a) Secondary Standard Dosimeter, Kustner-Pychlau complete with reading system, diaphragms
and check sources;

(b) two PTW DUO dosimeteres complete with preamplifiers;

(c) one Thimble lonization chamber with check source;

(d) one scattered radiation chamber with check source;

(e) soft radiation chamber with check source;

(f) set of filters;

(g) l barometer;

(h) stabilipan X-ray machine (refurbished but not installed).

In addition the department owns one Nuclear Enterprise Farmer Dosemeter.

3. WORK DONE

Most of the work done in the past (up till 1986) has been to support the only centre providing
radiotherapy services in the country. Dosimetric requirements at the centre are for x-rays in the
orthovoltage range and Cobalt-60 gamma rays, and Intracavitary Dose estimation.
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TABLE I

YEAR

1979

1980

1981

1984

1985

METHOD

TLD

IONIZATION

TLD

IONIZATION

TLD

% DEVIATION

not reported

0.9

2.0

0.2

3.6

The laboratory has been involved in dose intercomparison with the IAEA either by direct
measurements with ionization chambers during the visit of an expert or through the TLD postal dose
intercomparison system. Table I shows the levels of agreement between the laboratory's dose
specification and the IAEA.

From our experience, the levels of discrepancy are usually much reduced with ionization.
As much as possible this is the technique that should be adopted by the Agency.

Our laboratory has been responsible for the dose calibration and acceptance measurements of
the orthovoltage x-ray and cobalt-60 machines installed at the new Radiotherapy Centre in Ibadan,
120 km north of Lagos.

The Lagos SSDL has continued to provide radiation monitoring surveys for both government
and private diagnostic radiology clinics, mainly in the Lagos area, as well as providing necessary
advice on radiation matters in general.

4. FUTURE OUTLOOK

There is a good indication for an unprecedented increase in the use of ionizing radiation in
the country. The government on their part is keen to establish more facilities in the nuclear discipline
for utilization in research and industry. This, as well as the imminent problems generated by the
dumping of chemically hazardous and radioactive wastes from industrialized countries has prompted
the government to address a long neglected issue, that is, the lack of regulations controlling the use
of ionizing radiation. Arrangements have reached an advanced stage to promulgate a decree to this
effect. A member of staff at the Lagos SSDL made a lot of input into the draft decree in consultation
with the appropriate department of the IAEA.

It is anticipated that there will be a great demand for the service of the SSDL to provide
calibration of protection level instruments among others. This would therefore call for the installation
of a suitable x-ray machine to provide the x-ray energies required.

There is also an urgent need to upgrade the secondary transfer dosimetric system by providing
one that is less cumbersome and more rugged to withstand the harsh environmental conditions.
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It is extremely essential to resuscitate and upgrade the Radiotherapy Centre in Lagos as the
only functioning centre in Ibadan is at present grossly inadequate to serve the entire nation.
Therefore, more equipment and accessories for radiation therapy and proper tumour localization are
required to obtain improved results in treatment.

Assistance is also needed in the training of necessary personnel such as a medical physicist
in order to obtain accurate dosimetry and good quality assurance in radiation dose delivery and
protection.
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VI. PORTAL IMAGING



SUMMARY AND CONCLUSIONS OF SECTION VI

PORTAL IMAGING

T. LANDBERG
Department of Oncology,
University of Lund,
Lund, Sweden

B. MIJNHEER
The Netherlands Cancer Institute,
Amsterdam, Netherlands

This session included two formal contributions:

(a) different types of portal imaging systems by Dr. B. Mijnheer, Amsterdam;

(b) Design of a medical cassette for radiotherapy portal imaging by Drs. Faermann and Krutman,
Be'er Sheva.

During the discussion it was stressed that portal imaging is necessary in radiotherapy.

There is a need for quality assurance in film portal imaging, both for localization and
verification radiographs, in order to obtain consistent and high quality portal radiographs. Not the
least a film processor QA program must be established.

Portal film cassette systems should have at least 0.8 mm lead or 1 mm copper front screen,
with a close contact between the film and the screen.

The new systems that allow for real time imaging are now being taken into use in several
departments over the world, but it is not clear how they should be implemented in clinical use. There
are several research programs going on with the object to clarify this and to improve the instruments.

In general the cost for portal imaging is acceptable. With a heavy load, the on-line systems
may be compatible in price to film systems.
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DIFFERENT TYPES OF PORTAL IMAGING SYSTEMS

B.J. MUNHEER
The Netherlands Cancer Institute,
Amsterdam, Netherlands

Abstract

In order to verify patient set-up with respect to the position of the radiation beam, portal imaging is often applied. At
present photographic film is the most commonly applied technique for portal imaging. The quality of these images is rather
poor and methods have been developed to optimize the quality of portal film images. A technique that gives images of
improved quality is the use of photo-stimulated phosphors. After exposure the phosphor plate is scanned with a laser beam.
A disadvantage of these film and plate techniques is their off-line character. A number of groups started therefore the
development of on-line electronic portal imaging devices (EPIDs). Three different approaches are now in the state of
clinical testing. In the first method a metal plate/phosphor screen combination is used to convert the photon beam intensity
into a light image. The screen is viewed by a sensitive video camera using an angled mirror or a fiber-optic arrangement.
The second method is to scan the radiation beam by means of an array of radiation detectors (silicon diodes or scintillation
detectors). In the third approach a matrix of liquid-filled ionization chambers is used. The differences between the various
systems will be elucidated while some clinical applications will be given.

1. INTRODUCTION

Besides dosimetrical errors, geometrical errors are also of considerable importance in
determining the outcome of a radiotherapeutical treatment. Once the target volume has been defined,
patient positioning, beam arrangement and field sizes have to be selected and confirmed. The
geometrical accuracy is limited by the uncertainties in a particular patient set-up, by uncertainties in
the beam set-up and can, in addition, be the result of movement of the patient, or more specific, the
target volume during the treatment. Patient set-up accuracy is mainly determined by the uncertainty
in the position of external landmarks with respect to the target volume. A number of accessories is
available to help the accurate and reproducible positioning of the patient, which should afterwards be
checked at the simulator. If the patient is then transferred from the simulator to the treatment table,
additional positioning errors of the patient with respect to the beam may occur.

In order to verify the patient set-up with respect to the position of the radiation beam, portal
imaging is often applied. By portal imaging the field placement during the actual treatment is checked
relative to anatomical structures of the patient. Such a check is usually made at the beginning of the
patient's treatment, repeated if the radiation fields are modified and repeated in some centres during
the course of the treatment. Also during one treatment fraction, it can be useful to have more than
one check, for instance to observe the influence of swallowing and breathing on patient set-up.

2. TECHNIQUES

At present photographic film is the most commonly applied technique for portal imaging. The
quality of these images, produced by high-energy photons, is however rather poor compared with
conventional X-ray images. A number of methods has been reported to optimize the quality of portal
film images [1]. In addition, portal film enhancement can be performed after digitizing the image,
e.g. by means of a video camera, thus yielding a better visibility of relevant anatomical landmarks.
Although usually portal film evaluation is performed on a light box, the technique of digital portal
image enhancement offers in principle the possibility to apply automated procedures to quantify
differences between verification and simulation image. Improvement of image quality of a portal film
can be obtained by replacement of the normal high-Z target of an accelerator by a low-Z material,
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Fig. 1. Portal imaging using photo-stimulated phosphors.

e.g. beryllium [2]. In such a target the relative contribution of low-energy X rays is increased,
yielding images at the treatment machine with higher contrast compared with the situation with the
normal target.

A technique that gives images of improved quality compared with normal photographic film,
is the use of photo-stimulated phosphors. After exposure the phosphor plate is scanned with a laser
beam. By erasing the image with another light source, the plate can be reused (figure 1).

A disadvantage of these film techniques is their off-line character, which requires a certain
amount of time before the result can be applied clinically. For this reason a number of groups has
started the development of on-line portal imaging devices. Three different approaches are now in the
state of clinical testing. In the first method a metal plate/phosphor screen combination is used to
convert the photon beam intensity into a light image. The screen is viewed by a sensitive video
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Fig. 2. A metal plate/phosphor screen combination is used to convert the photon beam intensity into
a light image. The screen is viewed by a sensitive video camera using an angled mirror, (from A. G.
Visser et al. [6]).

Z 5mm iinc lunqstote
crystol

Photo diode

Fig. 3. A solid state EPID consisting of a linear array of discrete ZnWo4, crystals. The X-ray induced
scintillation of each crystal is detected by a photo diode. To increase the linear resolution, every
other crystal/diode detector is offset one half crystal width, (from Morton et al. 17]).
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Fig. 4. Block diagram of the electronic portal imaging device. For obtaining one image, the
ionization chamber matrix is scanned row by row, by successively switching high voltage to the 256
row electrodes, and measuring the currents in all 256 column electrodes. First high voltage is
switched to row J, and 256 currents are measured. These currents correspond to the pixel values of
the first row in the image matrix. Then row 1 is switched off and row 2 is switched on and the
currents are measured, and so on (from van Herk and Meertens [4]).

camera using an angled mirror (figure 2). A drawback of this approach is the bulkiness of the device
as a result of the use of a mirror. Replacement of the mirror by a fiber-optic arrangement may result
in a much flatter system having more or less comparable properties [3].

The second method is to scan the radiation beam by means of an array of radiation detectors
(silicon diodes or scintillation detectors, figure 3). Because the efficiency of these detectors is high,
a good contrast resolution can be obtained with such a system. The mechanical motion of the system
might be a disadvantage of this approach.

In the third approach a matrix of liquid-filled ionization chambers is used [4]. A 256 x 256
light weight ionization chamber matrix was developed having a field of view of 32 cm x 32 cm and
outer dimensions similar to a film cassette (figure 4).

3. POSSIBLE RESULTS

Retrospective analysis of portal films demonstrates that the frequency of field placement errors
can be quite large [5], It is therefore important that portal imaging is performed in the beginning of
the treatment (in the USA, 90% of the institutions take portal films on the first day of treatment for
more than 75% of their patients).

The quality of megavoltage images is not as good as orthovoltage images but can be improved
by using filtering techniques (figure 5). The resulting images can be used to detect discrepancies
between intended and actual field edges.

An advantage of on-line imaging compared with the portal film technique is that the image
is available a few seconds after the start of the irradiation. This allows, in principle, a quick decision
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Fig. 5. Portal images obtained with an electronic portal imaging device:
(a) lateral head and neck field;
(b) tangential breast field;
(c) anterior-posterior pelvic field;
(d) anterior-posterior pelvic field.

about continuation of treatment if the comparison of portal image with simulator image does not show
unacceptable discrepancies. This is of special importance if patients are entered into clinical trials,
where a protocol violation can be detected at an early stage of the treatment. In addition, a series of
images can be generated during a treatment session. The availability of many portal images thus
allows the analysis of dynamic aspects of patient irradiation such as patient or organ motion during
treatment. An on-line image detector will be a very useful tool during the quality assurance of
complicated treatment techniques, e.g. using computer controlled irradiations.

4. CONCLUSIONS

Portal imaging is an essential part of a quality control programme in radiotherapy. Portal
imaging with film is, however, time consuming and has some other drawbacks! Replacing the film
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cassette by an electronic "camera" would allow the patient set-up to be checked instantaneously. The
field of on-line portal imaging is in rapid development. Much work needs, however, still to be done
before automated treatment set-up analysis by on-line portal imaging can be used on a routine base
in the clinic.

REFERENCES

[I] AAPM (American Association of Physicists in Medicine), Report 24. Radiotherapy portal
image quality. American Institute of Physics, 335 East 45 Street, New York, USA, 1987.

[2] GALBRAITH D.M., Low-energy imaging with high-energy Bremsstrahlung beams. Med.
Phys. 16 (1989) 734-746.

[3] WONG J.W., et al., On-line radiotherapy imaging with an array of fiber-optic image
reducers, Int. J. Radiât. Oncol. Biol. Phys. 18 (1990) 1477-1484.

[4] VAN HERK M., and MEERTENS H., A matrix ionization chamber imaging device for
on-line patient set-up verification during radiotherapy. Radiother. Oncol. 11(1988)369-378.

[5] KIHLÉN B., and RÜDEN B.I., Reproducibility of field alignment in radiation therapy. Acta
Oncol. 28 (1989) 689-692.

[6] VISSER A.G., HUIZENGA H., ALTHOF V.G.M., and SWANENBURG B.N.,
Performance of a prototype fluoroscopic radiotherapy imaging system. Int. J. Radiât. Oncol.
Biol. Phys. 18 (1990) 43-50.

[7] MORTON E.J., SWINDELL W., LEWIS D.G., and EVANS P.M., A linear array,
scintillation crystal-photodiode detector for megavoltage imaging. Med. Phys. 18 (1991)
681-691.

374



DESIGN OF A HIGH ENERGY MEDICAL CASSETTE
FOR RADIOTHERAPY PORTAL IMAGING

S. FÄHRMANN, Y. KRUTMAN
Oncology Department,
Soroka Medical Center,
Be'er Sheva, Israel

Abstract

For high-energy photon beams, the main interaction process is by Compton scattering, thereby limiting the quality of the
obtained portal image (insensitivity to the atomic number of the irradiated tissues). One of the main factors which
contributes to the image degradation for high photon energies, are the Compton scattered electrons from the patient,
producing a high blurring and a low contrast in the film. In order to significantly reduce the influence of the scattered
electrons from the patient, a new cassette was designed, having a front copper screen with 2 gr/sq. cm thickness, coupled
with fast films and a rear Cu screen .4 gr/sq. cm thick. A comparison between the designed cassette and a commercial one
(RMI-ALDRICH Model 435- 0.4 gr/sq. cm front and rear Cu screens), for our 10 MV x-ray beam (Clinac 12/10 linear
accelerator - Varian) is presented, using two types of fast films. An analytical model was developed, which takes into
account the presence of the cassette front copper screen. The doses at the film position were then calculated for the SSD
and SAD techniques, as function of field size, patient thickness and air-gap between the patient and the film. Dose
measurements at the film position compare well with the calculated values. Portal film charts were constructed to deliver
the optimum dose on the film.

1. INTRODUCTION

Portal radiographs, defined as the patient image produced through the irradiation of a
film-screen combination in the treatment machine, are an essential tool for accurate routine irradiation
of cancer patients.

For high-energy photon beams, the main interaction process is by Compton scattering, thereby
limiting the quality of the obtained image (insensitivity to the atomic number of the irradiated tissues).

One of the main factors which contributes to the image degradation are the Compton scattered
electrons from the patient, which contributes to a high blurring and a low film contrast.

In order to significantly reduce the influence of the scattered electrons from the patient, a new
cassette was designed having a front copper screen with 2 gr/sq.cm thickness, coupled with a fast film
(X-OMAT-TL KODAK) and a rear Cu screen .4 gr/sq.cm thick. An analytical model to calculate
the dose in the portal film position was developed, providing portal film charts, and a comparison
with a commercial cassette is presented. The irradiations were performed with a 10 MeV X-Ray
beam from a Clinac 12/10.

2. RESULTS AND CONCLUSIONS

Good agreement was achieved between the calculated and the measured dose, as shown in
Table I.

Portal film charts for the 2 gr/sq.cm and for the .4 gr/sq.cm (commercial) cassettes are shown
in Tables II and III as function of field size, air- gap and patient thickness. The best partition dose
for the double exposure technique is presented between parenthesis. The dose required on the film
is smaller for the designed cassette, as compared with the commercial one. A comparison of portal
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WATER PHANTOM^

2.3mm Cu
FILM 0.5mm Cu

PORTAL FILM
CASSETTEv

Fig. L Experimental set-up to calculate and measure the dose to the film position.

Table 1. MejiruireMiouts with water phantom und comparison with calculated
nt the film location for 10MV x-rnys. SAD-lOOcm

Field slr.e
FxF (cm )

10 x 10
15 x 15
25 x 25
35 x 35
10 x 10
15 x 15
25 x 25
35 x 35
10 x 10
15 x 15
25 x 25
35 x 35
10 x 10
15 x 15
25 x 25
35 x 35
10 x 10
15 x 15
25 x 25
35 x 35
10 x 10
15 x 15
25 x 25
35 x 35
10 x 10
15 x 15
25 x 25
35 x 35
10 x 10
15 x 15
25 x 25
35 x 35

riimitom- to-Fllra
Distance, g(cm)

5

10

5

10

5

10

5

10

Water thickness
<<=«•)

15

15

20

20

25

25

32

32

Measured Dose
(cCy/MU)

0.545
0.585
0.630
0.653
0.494
0.534
0.580
0.600
0.426
0.464
0.531
0.552
0.392
0.427
0.473
0.494

0.360
0.394
0.438
0.457
0.316
0.346
0.390
0.409
0.248
0.274
0.309
0.326
0.216
0.238
0.271
0.287

Calculated
Dose (cGy/MU)

0.511
0.547
0.593
0.626

0.470
0.507
0.549
0.578

0.409
0.440
0.491
0.524
0.381
0.412
0.454
0.484
0.340
0.375
0.441
0.451
0.316
0.348
0.408
0.416
0.257
0.288
0.331
0.358
0.239
0.267
0.305
0.330
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Table II PORTAL l:l\MCHART FOR X-OMATTL KODAK FILM FOR 10MV,
SAU- lUOcm. 2.3 mm Cu front metal screen. The doses are expressed in
monitor units (MU). Double exposure doses are indicated by a+b.

FIELD SIZE (cm*)

10x10 15x15 25x25

GAI»
cm 5 W 15 5 10 15 5 10 15

Pnlieul
Thickness

cm

15

20

32

10 II 13

3+7 4i7 4*9

13 14 16

4*9 5 «9 5+11

23 26 29

»••IS 9' 17 10+19

10 M 12

3+7 4+7 4+8

12 13 15

4+8 4+9 5+10

21 24 26

7+14 8+16 9+17

9 10 11

3+6 3+7 4+7

11 12 13

4+7 4+8 4+9

18 21 23

6<12 7+14 8+15

Table III. PORTAL FILM CHART FOR X-OMAT TL KODAK FILM,FOR 10MV,SAD=100cm.
FOR O.SmmCu front metal-screen.The doses are expressed in Monitor
Units (MU).Double Exposure Doses are indicated by:a+b.

FIELD SIZE(cm**2)
10X10 15X15 25X25

GAP(CTO) 5 10 15 5 10 15 5 10 15
PatientThickness
(era)

15

20

32

13 14 16
4+9 5+9 5+11

16 18 20
5+11 6+12 7+13

28 33 36
9+19 1H22 12+24

12 13 15
4+8 4+9 5+10

14 16 18
5+9 5+11 6+12

26 29 32
9+17 10+19 11+21

11 12 14
4+7 4+8 5+9

13 15 17
4+9 5+10 6+11

23 26 29
8+15 9+17 1O+19
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(a) (b)

Fig.2. Figure 2a) Pelvis lateral portal with a 10 MeV X-ray beam, with a commercial
cassette (.5mm Cu thick) and X-OMÀT IL KODAK.

Figure 2b) Pelvis lateral portal with a 10 MeV X-ray beam, with the designed
cassette.



lateral pelvis radiographs is presented in Figures 2a) and 2b), showing the better contrast obtained
with the designed cassette. In conclusion, the new cassette, when used together with a commercial
one, with adequate portal film charts, can be of great help, specially for antero-posterior pelvis and
for lateral pelvis for fat patients. The portal film charts remind the technician that the reproducibility
of the portal radiographs is linked to maintaining the distance focus -film constant. Finally, there
must be a quality control program for the film processor, and if the sensitometric curves change, an
appropriate factor must be introduced to correct the tables.

379



VII. CONCLUSIONS, RECOMMENDATIONS
AND FUTURE WORK



QUALITY AUDIT ACTIVITIES IN DIFFERENT COUNTRIES

G. P. HANSON
WHO,
Geneva, Switzerland

A round table panel discussion was held with some 130 participants. Having noted their
experience with treatment units and other equipment that was difficult to install and maintain, as well
as the lack of sufficient staff to carry out the functions needed for the delivery of radiotherapy services
the participants agreed upon the following recommendations.

1. TRAINING

Consideration must be given to the training of staff as a high priority requirement at the
earliest stages of planning for the acquisition of equipment. Training must be an integral part of any
funding request and it should account for a large portion, perhaps as much as 50%, of any project
to improve radiotherapy services.

2. USED EQUIPMENT

The possibility that equipment that has been used in developed countries could still provide
service in developing countries was recognized. In considering the acquisition of used equipment,
caution must be exercised to assure that it will truly provide a benefit, rather than becoming a
liability. It was recommended that the IAEA provide assistance in identifying used but good
equipment. In the case of treatment units it was highly recommended that the unit be refurbished and
that warranty protection be obtained as a condition for its acceptance.

3. RECOMMENDED CHARACTERISTICS OF TREATMENT

The need for a scientifically sound, robust, reliable, treatment unit capable of high-quality
performance with low initial and operating cost was universally recognized. The characteristics of
such a unit were considered to be:

(a) Mechanically robust, incorporating only a minimum of electrical or electro mechanical
features, and with careful selection of components for resistance to deterioration due to high
levels of heat and humidity. Mechanical scales must be provided for all motions.

(b) Isocentric mounting with 80 cm source-axis distance.

(c) Automatic timer (electronic).

(d) Adjustable collimator capable of rotation with all movements manually operated, and with a
field size of 30 x 30 cm at 80 cm source-axis distance.

(e) Accurate light field and distance indicators (electrical), with mechanical back-up must be
incorporated.

(f) The radiation sources must be cobalt-60 and must provide at least 1 Gy/minute at isocenter.

(g) Accessories must include a wedge filter holder and a beam-block holder.
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(h) The treatment couch should be mounted on rails and not isocentric. It should be electrically
driven with mechanical back-up features, and should be constructed so that it is
essentially radiotransparent for treatments with the beam directed upward through it.

(i) Necessary safety features to comply with national and/or international requirements must be
incorporated in the design.

4. USE OF PERSONAL COMPUTERS

The many advantages which the personal computer is capable of providing were noted and
the Agency was encouraged to support further development of this technology.
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RECOMMENDATIONS FOR AN INDEPENDENT VERIFICATION OF THE
INITIAL OUTPUT CALIBRATION OF MEGAVOLTAGE RADIOTHERAPY UNIT

A. DUTREIX
Department of Radiotherapy,
University Hospital of St. Rafaël,
Leuven, Belgium

W.F. HANSON
University of Texas,
M.D. Anderson Cancer Center,
Houston, Texas,
United States of America

H. JÄRVINEN
Finnish Center for Radiation and Nuclear Safety,
Helsinki, Finland

K.A. JOHANSSON
Sahlgren Hospital,
Göteborg, Sweden

D.I. THWAITES
Department of Medical Physics and Medical Engineering,
Western General Hospital,
University of Edinburgh,
Edinburgh, United Kingdom

1. INTRODUCTION

Whenever a megavoltage radiotherapy unit is installed, it is necessary that the physicist:

(a) performs a complete commission of the therapy unit to characterize the radiation parameters
of the beam;

(b) has in place a comprehensive quality assurance program to assure that the machine
performance remains within acceptable levels during the life time of the unit.

There was a general consensus to recommend that the initial output calibration be immediately
verified by an independent measurement. This is essential to assure that no clinically significant
dosimetry error has been made. The following specific recommendations have been made.

2. INITIAL OUTPUT CALIBRATION

This is the calibration of the dose rate or dose per monitor unit of the equipment, made in
reference conditions and following procedures described in the IAEA (1987) dosimetry protocol or
in the national protocol if any.

An initial output calibration is mandatory when a new machine is installed or a new or
replacement source is installed in a Co60 machine.
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Such an initial output calibration must be made for every beam quality produced by the
radiotherapy treatment unit, using an ionization chamber having a calibration traceable to a national
or international standard through a SSDL.

(a) For Cobalt 60 units, the calibration measurement must be compared with the supplier's source
certificate. Data derived from the certificate cannot be regarded as a substitute for other
recommended measurements the definitive calibration must be understood. A difference
between this data corrected for decay and the initial output calibration can bear as much as
10% because of head design. A difference larger than 10% must be investigated.

(b) Under ideal conditions the independent measurement should be performed before the first
patient treatment. Recognizing possible logistics problems the independent verification may
be delayed. In any event it should not be later than six months after the initial output
calibration.

(c) The independent verification of the initial calibration dosimetry audit, should be performed
by an independent organization or persons using independent equipment and an independent
set-up. The organization or persons should have adequate experience in the calibration of
similar machines. The audit could be performed as an on-site visit or by postal dosimetry.
The postal dosimetry service by the IAEA/WHO or the service of other existing and
recognized organizations could be used. Plans are now under way to create a worldwide
network of quality audit centres in order to provide all radiotherapy centres with the minimum
quality audit procedures.

(d) The independent verification can never be used as a substitute for proper local output
calibration, which must be carried out by the radiotherapy physicist associated with the
centre.

(e) The results of the independent measurement and calibration measurements have to be
compared. If the absorbed doses are within 5% the initial calibration can be used clinically.
If the difference is more than 5% the initial calibration procedure has to be investigated. Any
errors must be recognized and corrected. The independent measurement must never be
directly used either clinically or transfer to ionization chamber.

(f) The center should become involved in a wider external quality audit programme when it is
available, such as the proposed radiotherapy quality audit network, currently under
development by the IAEA. A specific recommendation, concerning the regular audit of
output calibration, is that independent verification be repeated at regular interval, of ideally
one year but not more than five years.

(g) If any abnormal behaviour of the treatment machine is observed, and is suspected to be
symptomatic of a change in beam performance or to have any effect on it, the local
radiotherapy physicist should be informed at once and should immediately carry out suitable
checks to assess this. In addition, following any repair or adjustment to the treatment
equipment, which may have an effect on the beam performance, similar assessment must be
carried out. In any of these situations the physicist must not allow treatment to re-commence
until he is confident that the performance of the equipment is acceptable.
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