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Abstract

The European Organization for Research and Treatment of Cancer (EORTC) Radiotherapy Group initiated its mailed thermo-
luminescence dosimetry (TLD) programme in 1986. The aim of the present study was to evaluate the clinical relevance of variations

in beam output detected in the period 1993 to 1996. A total of 140 beam outputs were checked (26 for cobalt-60 units and 114 for
linear accelerators) in 35 centres. Clinical dose±response data for tumour control and normal tissue morbidity were used to assess
the variation in clinical outcome resulting from variability in beam output. For 75 checked beams with nominal accelerating

potentials (n.a.p.) of 6 MV or less the mean ratio, � standard deviation (S.D.) of measured to stated output was 1.004�0.020. For
65 beams with n.a.p. of 8 MV or more, the ratio was 1.009�0.021. Even with this relatively high level of precision, broad dis-
tributions of estimated tumour control or normal tissue morbidity were found. In the 10% of the beams with the most pronounced

underdosage, the loss in tumour control probability was estimated at 7±8 percentage points. Likewise, in the 10% of the beams with
the most pronounced overdosage, the increase in mild/moderate morbidity was 19±22 percentage points. For severe morbidity the
same beams raised the estimated incidence of severe complications from 5% to 9±10%. An estimation of the loss of uncomplicated
cure probability was about 1% for both high and low energy beams. Sequential mailings considerably improved the uniformity of

clinical outcome. We conclude that small deviations in beam output may lead to clinically important variations in outcome. Sub-
stantial reductions in the variation between measured and stated output can be achieved by sequential mailings. Mailed TLD
checks should be an integral part of a continuously ongoing quality assurance activity in radiotherapy. # 2000 Elsevier Science

Ltd. All rights reserved.
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1. Introduction

Quality assurance (QA) is the systematic e�ort to
monitor performance, to compare its quality to a
de®ned standard, and to implement corrective measures

if the performance does not meet the requirements
within a certain margin. There is a growing interest in
QA in medicine in general and one of the ®elds where
this has been pioneered is radiation oncology. Several
QA programmes conducted within single centres or by
cooperative clinical research groups have demonstrated
their value at the operational level: deviations from
performance speci®cations have been detected, docu-
mented and corrected. Yet, the clinical e�ect of QA
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programmes on treatment outcome is di�cult to assess
directly. The reason is, that many instances of sub-
standard performance cause an expected small,
although maybe clinically relevant, reduction in treat-
ment e�cacy and/or increase in toxicity. In theory, such
di�erences could be studied in randomised controlled
trials; in reality, this is not an option because once a
substandard performance is identi®ed it is unethical not
to take corrective action.
Since 1987, the Radiotherapy Group of the European

Organization for Research and Treatment of Cancer
(EORTC) has conducted a mailed thermoluminescent
(TL) dosimetry (TLD) programme checking external
beam therapy machine output on the beam axis. The
ratio between the measured absorbed dose to water and
that stated by the radiotherapy department was used as
a measure of agreement. The deviations, �D, between
actual and stated dose, were classi®ed as acceptable
(�D44%), minor (5%<�D�7%) or major (�D>7%).
In the EORTC institutions, the ®rst independent

checks of therapy machine output were conducted in the
late 1980s [1]. An early report [2], published in 1993,
covered the ®rst 6-year period (1987±1992): 55 institu-
tions were monitored, 127 mailings were sent to radio-
therapy departments and a total of 357 beams were
measured. This ®rst report showed that the level of
deviation between the measured and stated dose was
acceptable (within�4%) for 90% of the measured
beams. The 714 measurements carried out on 357 beams
yielded a mean ratio of 1.007 and a standard deviation
(S.D.) of 4%. Only 9 beams out of 357 (2.5%) exceeded
a 7% di�erence between measured and stated dose.
Subsequent site visits and extensive correspondence
were activated and maintained for several months
between the EORTC experts and each of the institutions
where major deviations had been found. In a second
mailing, a deviation larger than 7% was observed in
only one of these centres.
Results of this programme have been presented in

terms of the distribution of deviations seen. There is,
however, a growing body of clinical data that allows
realistic estimates of dose±response relationships to be
made [3,4]. The aim of the present study was to assess
the clinical impact of the measured dose deviations on
local tumour control and late normal tissue reactions,
and to quantify the therapeutic gain that may result
from corrective actions taken in the context of long-
term QA programmes.

2. Patients and methods

2.1. TL dosimetry

The methodology and feasibility of TLD programmes
have been previously described [5±7]. TLD is suited for

periodical monitoring of absorbed doses at speci®ed
beam reference points. The precision of the TL dosi-
meters is su�cient to identify errors in absorbed dose
above 3% for photon beams of Cobalt-60 machines or
linear accelerators with nominal accelerating potentials
(n.a.p.) up to 30 MV.
The EORTC mailed TLD programme was organised

as follows. After the centres had provided the EORTC
panel with relevant information on the beam qualities of
their radiotherapy equipment, they were sent a set of
dosimeters, containers for in-water irradiation and
instructions for irradiation. After irradiation, all the
material was returned to the reference centre for read-
out. From 1986 until 1992 the reference centre was in
the radiation physics department of the Sahlgren Uni-
versity Hospital in GoÈ teborg, Sweden; thereafter it was
in the radiation physics department of the Gustave
Roussy Institute, in Villejuif, France.
It was decided to base the current study on the TLD

results in the period 1993 to 1996 in order to make them
more representative for what can be achieved after a
QA programme has been in place for several years.

2.2. Radiobiological modelling

Evaluation of the clinical consequences of a given
deviation between stated and actual dose is based on
published clinical data on the steepness of dose±
response curves for human tumours and normal tissues.
Steepness was quanti®ed by the normalised dose±
response gradient, g, which may be thought of as the
change in response (in percentage points) for a 1%
relative change in dose [3,8]. Thus, as an example, for
g=3, a 4% underdosage would lead to an estimated
12% decrease in the incidence of a speci®c endpoint.
This simple multiplicative conversion from relative
change in dose into resulting change in outcome, is only
a good approximation in a relatively narrow interval
around a baseline dose. The reason is the S-shape of the
dose±response curve, which means that the local value
of g is not constant as a function of dose. More precise
estimates of incidence were obtained using the exact
parameterisations of dose±response models discussed by
Bentzen and Tucker [9].
Table 1 shows the dose±response parameters used.

The assumed level of normal-tissue complication prob-

Table 1

Incidence and steepness parameters assumed in the radiobiological

modelling

Endpoint Incidence (%) gN

Tumour control 37 2.3

Mild/moderate reactionsa 40 5.2

Severe complicationsa 5 0.9

a gN=5.5 at normal tissue complication probability (NTCP)=0.5.
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ability (NTCP) and tumour control probability (TCP)
were chosen arbitrarily, but they are representative for
standard curative radiotherapy schedules. The value for
mild/moderate reactions was derived from a study of
moderate subcutaneous (s.c.) ®brosis after post-
mastectomy radiotherapy [10]. The g value for severe
reactions is the resulting value at NTCP equal to 5% for
a dose±response curve with the same steepness as for
mild/moderate reactions. These calculations were per-
formed assuming a logistic dose±response relationship.
For tumour control, the g value was derived from the
review by Bentzen [3] who found that 2.0 was a repre-
sentative value for dose±response curves generated with
a ®xed dose per fraction for various tumour sites in
the head and neck. Assuming that the a/b-ratio of the
linear-quadratic model is 10 Gy, this corresponds to a
g value of 2.3 for a dose±response curve generated with
a ®xed number of fractions. In view of the results pre-
sented below, it should be noted that the values used
here for the steepness of the dose±response curves are
not extreme. Some normal tissue endpoints have steeper
dose±response curves than s.c. ®brosis and vocal cord
tumours have consistently been found to have steeper
dose±response curves than other sites in the head and
neck.
Following the 1936 paper by Holthusen [12], the

probability of uncomplicated cure, P+, was used as a
composite measure of the trade o� between tumour
control and normal tissue reactions in over- or under-
dosing beams. To this end, normal tissue complications
and tumour recurrence were assumed to be statistically
independent, i.e. the relevant probabilities were multi-
plied to yield the probability of a joint event. Recent
analyses of clinical data provide support for this
assumption [13,14]. The g values at the steepest point of
the dose±response curves were still as in Table 1 but the
dose for NTCP=50% was chosen at 75 Gy in order to
simulate an optimisation of P+ for more severe
complications.

3. Results

3.1. TL-dosimetry results

The data set used for the present analysis were col-
lected in the mailed dosimetry programme during the
years 1993 to 1996. A total of 140 beam outputs, were
checked (26 for cobalt-60 units and 114 for linear
accelerators) in 35 centres. For the purpose of this ana-
lysis the beams were grouped according to n.a.p., the
low-energy beams being de®ned as having an n.a.p. of 6
MV or less and the high energy beams de®ned as n.a.p.
of 8 MV or more. Table 2 shows some descriptive sta-
tistics on the ratio of EORTC measured and institution-
stated doses. The average was close to one and the S.D.

was around 2%. The 90 percentile of the distribution of
dose ratios was used to characterise the extreme tail of
the distribution (i.e. the 10% of the beams with the lar-
gest overdosage) and this was around 3%. These fairly
good results were also re¯ected using the classi®cation
of previous reports: the number of beams falling within
the acceptable levels of variation (0.960±1.040) was 130
(93%), whilst minor deviations (5±7%) were found for
10 beams only (7%). No major deviation, de®ned as
�D>7%, was found.

3.2. Clinical consequences

Figs. 1 and 2 show the cumulative distribution of
changes in TCP and NTCP due to unintended beam
output variations for low and high energy megavoltage
beams, respectively. For tumour control, approximately
35% of the beams were found to underdose the tumours
and, therefore, were expected to yield an inferior tumour

Table 2

Results of the EORTC mailed TLD programme 1993±1996

Beam energies No. of

beams

Average

ratio

Standard

deviation

90

percentile

6 MV or less 75 1.004 0.020 1.025

8 MV or more 65 1.009 0.021 1.034

Fig. 1. Cumulative distribution of the proportion of beams with

dosimetric deviations corresponding to various estimated changes in

(a) tumour control probability (TCP) and (b) normal tissue complica-

tion probability (NTCP) for beams of 6 MV or less.
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control probability. In the 10% of the beams with the
most pronounced underdosage, the average loss in
tumour control probability was estimated at 8 or 7%
for the low and high energy beams, respectively.
Around two thirds of the beams gave a ratio of more

than one between the TL and the stated dose (Figs. 1b
and 2b). This resulted in an increase in the average
NTCP for all beams of 2 and 5 percentage points for the
low and the high energy beams, respectively. However,
this average resulted from a widespread range of actual
NTCPs. The 10% worst beams in terms of overdosage
gave on average an estimated 19 or 22 percentage points
increase in the incidence of mild or moderate side-e�ects
for the low or high energy beams, respectively. The
same beams were estimated to raise the probability of

severe complications from 5% to an average of 9% or
10%. Thus, the frequency of patients with severe side-
e�ects would roughly be doubled for patients treated on
those machines.
Optimisation of the probability of uncomplicated

cure, P+, was done numerically. For the values
assumed here (see Materials and Methods section) the
optimal prescribed dose was 68.1 Gy. At this dose the
TCP was 77.6% and the NTCP was 11.7%. The local
values of g were 1.8 and 2.1 for the local control and the
morbidity dose±response curves, respectively. The aver-
age change in P+ was estimated at 0.2% loss for the
low energy beams and 0.3% loss for the high energy
beams. The average loss for the worst 10% of the beams
was 0.9% and 1.2% for the low and high energy beams,
respectively.

3.3. The e�ect of repeat mailings

Table 3 summarises the distribution of the ratios
between measured and stated doses, observed since the
activation of the EORTC QA programme in radiation
physics, both for on site visits (1982±1986) and in the
framework of the mailed TLD programme (1987±1992
and 1993±1996). To elucidate the clinical impact of
these repeated dosimetry checks, we de®ned consider-
able overdosage as a beam giving a more than 15 per-
centage points increase in NTCP for mild or moderate
reactions. Using this de®nition, the proportion of beams
with considerable overdosage dropped from 40±50% to
less than 10% during the three checks.

4. Discussion

Dose±response relationships in radiotherapy are in
many curative indications quite steep and even small
variations in dose will have a relevant in¯uence on clin-
ical outcome. Whilst a change in cure probability of a
few per cent may seem modest, it is important to see this
on a scale of other means to improve cancer treatment
outcome. An example could be combined chemo-
radiotherapy where a meta-analysis of head and neck

Fig. 2. Cumulative distribution of the proportion of beams with

dosimetric deviations corresponding to various estimated changes in

(a) tumour control probability (TCP) and (b) normal tissue complica-

tion probability (NTCP) for beams of 8 MV or more.

Table 3

E�ect of repeated dosimetry checks

Mailing Linear accelerators 60Co

Ratio of measured

to stated dosea
Beams with considerable

overdosageb (%)

Ratio of measured

to stated dosea
Beams with considerable

overdosageb (%)

First 1.022�0.024 41 1.025�0.027 47

Second 1.013�0.017 20 1.006�0.014 6

Third 1.007�0.013 6 0.994�0.004 0

a Average �1 standard deviation. Data from Horiot and colleagues [18].
b Estimated percentage of beams giving a more than 15% increased probability of mild/moderate side-e�ects.
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trials suggest a four percentage point improvement in
survival. Similarly, an increase in the incidence of severe
complications of just a few per cent may represent a
major burden, not just to the individual patient but also
to the National Health Service. What does complicate
matters is the fact that a beam that overdoses patients
will improve tumour control at the same time as giving
an increased risk of side-e�ects. Yet, if this increased
incidence of treatment-related morbidity is justi®able
because of the improved tumour control probability, the
only reasonable conclusion is that the prescribed total
dose should be increased. Obviously, patients who get
unintentionally high/low doses are receiving sub-
standard radiotherapy.
The trade o� between tumour control and treatment-

related morbidity is a very complex issue. The prob-
ability of uncomplicated cure, P+, should be inter-
preted with some caution. An increased risk of even
fairly severe complications may be acceptable in situa-
tions where the alternative is an increased risk of a pos-
sibly fatal locoregional recurrence. However, if P+ is
actually at its optimum, as shown here, any variability
in beam output will be associated with a loss of
uncomplicated cure probability.
Direct comparison of clinical outcomes in patients

treated on machines that over- or underdosage is ham-
pered by a multitude of patient and treatment factors
that vary amongst centres or even from one machine to
the other. However, Ash and Bates [15] showed that
tumour control was notably lower than expected for
several tumour sites in 1045 patients who received 5±
20% lower-than-prescribed doses of radiation because
of an error in the application of a computerised dose-
planning system. Also, studies applying individual
patient dosimetry have found a signi®cant relationship
between small individual deviations from the prescribed
dose and the resulting normal tissue reaction [16].
Obviously, some of the variability in the ratio of

measured to stated doses is attributable to uncertainty
in the TL-dosimetry. Hansson and Johansson [1] deter-
mined the reproducibility of their TL dose readings to
be 0.5% (1 S.D.). They estimated the combined uncer-
tainty of the determined absorbed dose to be approxi-
mately 2%. This ®gure included uncertainties arising
from the exact irradiation conditions, energy depen-
dence and the reading procedure, fading and supra-
linearity of the TL dosimeters. Actual data from the
later rounds of repeat mailings in the TLD QA project
suggest that the 2% may be an overestimate, the true
uncertainty being closer to 1% (1 S.D.). In the latter
case, most of the variation in readings will be due to
true variation in machine output with a, say, 2%
measured S.D. of the ratios being equivalent to a real
S.D. of 1.73%. This again means that most of the
spread analysed in this paper will actually a�ect clinical
outcome as predicted in the modelling.

Several authors have considered the general issue of
precision requirements in radiotherapy and this includes
consideration of non-uniform dose distribution in indi-
vidual patients and variation amongst patients due to a
multitude of factors. The present study focuses on vari-
ation in beam output that will a�ect the whole popula-
tion of patients treated on a speci®c machine. As shown
here TL dosimetry programmes are e�ective in reducing
the magnitude of such variations.
Most progress in the ®eld of quality assurance has

been achieved by cooperative clinical research groups
[17]. Originally, the QA programme of the Radio-
therapy Group of the EORTC was designed to make
simple checks of both the compliance to protocol
guidelines and the consistency of data recorded and
reported by a large number of active centres. However,
this was soon extended to cover the whole chain of
events, ranging from the detection and score of any
variation from performance speci®cations in the ®eld of
radiation physics, to the tracking of random and sys-
tematic errors in the clinic. As a consequence, the
programme was, therefore, redirected towards the pro-
spective implementation of measures to prevent, reduce
or reverse the risk of deviations. In the TL programme,
in most cases where deviations exceeded 7%, site visits
and correspondence between EORTC and the mon-
itored centres demonstrated that these large deviations
were due either to errors in applying the dosimetry
protocol or to the application of an erroneous calibra-
tion factor of the ionisation chambers.
Hansson and Johansson [1] showed that the results of

the EORTC mailed TLD programme were somewhat
better than those reported by the IAEA and similar to
the data recorded in North America. Thus, the varia-
tions in clinical outcome estimated here will be fairly
representative for these regions as well. In parallel with
screening for cancer, the ®rst screenings or quality
checks would give a much larger expected improvement
in outcome. The results from the sequential mailing
programme illustrate the e�ectiveness of such pro-
grammes in improving the dosimetric accuracy in the
participating institutions. In the present study, it was
decided to use data from the late stage of a TLD QA
programme. The estimated clinical consequences of
beam output variations support the continued e�ort to
do mailed TL dosimetry checks as part of a routine QA
programme.
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