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Introduction

The success or failure of radiation therapy depends upon the accuracy
with which a dose prescription is fulfilled. The first step in determining
the dose for a patient's treatment is the measurement of the output of the
beam by means of an exposure-calibrated ionization chamber. The second step
is the conversion of the exposure to dose within a water phantom. The third
step is the selection and implementation of a treatment plan for a given
patient.

My purpose in this paper is to review the world-wide system of
laboratories for step one and to review briefly some protocols, both in the
United States (US) and elsewhere, for step two for X-ray beams with maximum
energies in the range of 2 to 50 MV, and for electron beams with mean incident
energies in the range of 5 to 50 MeV. My reason for limiting the topic to
X-ray and electrons of these energies is that, at present, the vast majority
of radiation treatments other than brachytherapy in the US are confined to
these radiations at these energies.

Since scientific and clinical publications are readily available around
the world and form the basis for exchange of treatment methods, it is vital
that reported exposure measurements and dose determinations are carried out
with a hight degree of accuracy. There are a number of studies of radiation
response of biological systems, including normal and tumor tissue, which
provide information on the accuracy of dose determinations required for
assessment of this response. Figure 1 shows an early example of some work by
Shukovsky [1] on the dose-response function, the response being the local
tumor control probability for squamous cell carcinoma of the supraglottis. In
the steep portion of the curve, an increase of only 10% in the dose delivered
increases the probability of tumor control from 20% to 75%. This figure
illustrates that differences as small as five percent in the dose delivered
during radiation therapy at typical dose prescriptions may result in
differences in the local control of certain types of tumors. (Not all
dose-response functions for tumor control have as steep a slope as that for
the supraglottis.)

Another concern in radiotherapy is the possibility of radiation-induced
normal tissue complications concomitant with tumor irradiation. A detailed
study of such complications as a function of radiation dose was published by
Svensson et al. [2] in Sweden. Complications like those described by these
authors, which, in this case, were neurologic, may arise when a tumoricidal
dose is delivered to regional lymph nodes in axillary and supraclavicular
fields (Figure 2). The symptoms vary from slight numbness of the fingers to
total paresthesia of the arm. The dose-response function published by
Svensson et al. for these complications was presented in terms of the
cumulative radiation effect (CRE). The CRE is made up of the daily dose in
rad, the repetition parameter, the total treatment time in days, and the total
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Dose response curve for squamous cell carcinoma of the supraglotLis
(Stages T2 and T3 combi ned), deri ved from Shukovsky I 1]. The
solid line is an appropriate fit to the data, giving a linear
relationship between probit of TCP and dose. Error bars are standard
deviations and represent only statistical uncertainty. Other sources
of error, including positioning errors, are also present in the data.
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YIG. 2. Frequency of neurologic lesions as a function of the cumulative
radiation effect <CRb). The open circles represent the work of
Svensson et al., [2]. The filled squares are the data of Stoll and
Andrews 13]. The solid line represents the best fit, based on the
statistical uncertainties of the different points and on the
assumpt ion of a normal distribution of the tolerance level.
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absorbed dose in rad to the brachial plexus for the whole course. The results
of Svensson et al., as plotted in Figure 2, show that the frequency of
radiation-induced lesions as a function of CRE rises quite steeply. The
uncertainty in the shape of the frequency/CRE curve is dependent on
dosimetric, anatomic, and statistical factors. The filled squares in Figure 2
are data of Stoll and Andrews [3] of Australia for the same complications. A
downward shift of 7% in the CRE of the Stoll and Andrews data brings dose
agreement between these data and those of Svensson et al.

Several years ago, I discussed this difference between the work of
Svensson et al. and Stoll and Andrews with Dr. Horst Eisenlohr, Head of the
Dosimetry Section of the International Atomic Energy Agency (IAEA). From
about 1965 to the present, the IAEA has been carrying out worldwide dose
intercomparisons by using thermoluminescent dosimeters sent by mail. From
studies of these intercomparisons, Dr. Eisenlohr had observed a difference of
4% between the dose determination averages of hospitals in the Nordic
countries and those in Australia. If this 4% were applied to the 7% shift
which I mentioned above, the difference would only be 3%. It is likely that
much of the 7% difference is due to the accumulation of errors in the
traceability of radiation standards, and perhaps to some systematic errors in
dosimetry between the hospitals and the national radiation standards of each
country. It may also be due to differences in the protocols and values used
in the conversion of exposure to dose in these two areas of the world.

Such reports strengthen our conviction that we should try to unify the
world's dosimetry system by increasing the accuracy of our work of measuring
beam output and decreasing differences in the various protocols in use.

World Dosimetry System

For the purpose of having a worldwide unified dosimetry system, it is
important that each nation in which radiation therapy is practised have a
dosimetry system that is traceable to a national radiation standards
laboratory. The national standards laboratory should have either a set of
absolute or a set of secondary standard dosimeters. These dosimeters should
be recognized as such by the national authority responsible for
standardization. There are several ways in which a radiation standard can be
disseminated from a national standards laboratory to field use in a hospital
or clinic. One method is the use of a secondary standard dosimeter which is
sent for calibration to a primary standards laboratory. In turn, a field
instrument from a hospital is calibrated at a secondary standards laboratory
and then used by hospital personnel for the routine calibration of therapy
equipment (see Figure 3). This scheme is one which is in wide use in the US.

Thus, dose uniformity throughout the world is dependent upon a group of
primary national standards laboratories as well as a group of secondary
standard dosimetry laboratories (SSDLs). The difference between the terms
"primary" and "secondary" refers to the type of instrumentation used. In
primary standards laboratories, instruments are used for absolute measurements
of electric charge, volume, density and humidity of air, and distance for
determination of the exposure of a radiation field. On the other hand,
secondary standards laboratories use instruments which are calibrated in such
a known radiation field. These two groups of laboratories comprise a world
radiation dosimetry network. Figure 4 is taken from a report on this network,
published in 1982 [4]. The right side of the figure shows the group of SSDLs
sponsored by the International Atomic Energy Agency (IAEA) and the World
Health Organization (WHO) as a joint project. In addition to its financial
and scientific sponsorship, the IAEA maintains an excellent, well-equipped
dosimetry laboratory near its headquarters in Vienna. Although the network
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scheme has not changed from that depicted in Figure 4, the number of
laboratories has changed. There were 45 SSDLs [5] by 1984 and 49 SSDLs [6) by
1986 in various countries which are member states of the IAEA and WHO.

A number of primary national standards laboratories are affiliated with
the IAEA/WHO project. This affiliation assures a world-wide standardized
dosimetry system. Different systems exist within various countries for the
dissemination of radiation standards. I would like to comment on two of these
countries and point out how the internal dissemination system affects the
dosimetry protocol adopted by a given country. In the United Kingdom, the
central government provides institutions with a number of calibrated secondary
standard instruments with identical specifications. These instruments, in
turn, are used in the determination of the output of the teletherapy machines
within the United Kingdom. Since the replacement factor, which is a function
of chamber dimensions, will be the same for all instruments of the same
specifications, the UK protocol need not provide for varying chamber
dimensions. In addition, differences in the composition of the chamber wall
and of the dosimetry phantom, which affect the dose from X-rays, will not
occur in the UK because the same wall material is used in all of the secondary
standard instruments. Thus, the protocol used in the UK is somewhat simpler
to use than the protocol of Task Group 21 of the American Association of
Physicists in Medicine (AAPM), for in the US a variety of chambers of
different sizes and compositions are in general use.

The internal dissemination of radiation standards from the US National
Bureau of Standards to US hospitals takes place through several SSDLs. Figure
4 shows that there were three SSDLs in 1980. By 1987, the number has
increased to five. These SSDLs are called Accredited Dosimetry Laboratories
(ADD. Their accreditation is performed by Task Group No. 3 of the Radiation
Therapy Committee of the AAPM.

A very important laboratory which is involved in the standardization of
therapy dosimetry in the US is the Radiological Physics Centre (RPC) of the
AAPM. This laboratory, which was formed in 1968 by the AAPM, serves to verify
the dosimetry for radiation therapy patients whose records were entered into
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clinical trials sponsored and funded by the US National Cancer Institute (see
Fig. 4). The charge to the RPC is to develop the physics and dosimetry
protocols for a large variety of cancers, and to check on the dosimetry
carried out at all therapy centres in the US which contribute patient
treatment data for analysis. In December 1986, the director of the RPC
reported that about one half of the centres with which the RPC is connected
are now using "a protocol for the determination of absorbed dose from
high energy photons and electrons" as developed by Task Group 21 of the
Radiation Therapy Committee of the AAPM [7]. Over the last twenty years, the
RPC has become the most influential group in the US that is involved with the
standardization of patient dosimetry. However the ultimate decision as to
what protocol should be used is in the hands of the chief radiotherapist of
each hospital or treatment centre.

AAPM Protocol

The second step, the conversion of the exposure or output of a
rad I ation producing machine to the dose in a water phantom, is accomplished
according to a specific protocol. X-rays first began to be used for therapy
shortly after their discovery in 1895. However, electron beams did not become
available for therapy until 1946 [8]. As a result, protocols for the
determination of dose to a patient from measurements of exposure for X-rays
preceded protocols for electrons. A major advance in radiation dosimetry
occurred in the 1950's with the introduction of the concept of absorbed dose
and its unit, the rad, which replaced the roentgen in patient prescriptions
for radiation therapy. For a short time, the quantity for which the roentgen
was the unit was called "exposure dose." Later, the word "dose" was dropped,
and the quanity simply became "exposure". Exposure was defined, and continues
to be defined, only for photons. Thus, it was fortunate that the concept of
"absorbed dose" (later usage specifies only "dose") was made broad enough to
include electron doses.

Since a dosimetry protocol for electrons had not been adopted in the
1950's and early 1960's, each hospital had to develop its own. In 1965, my
colleagues and I introduced a method of dosimetry for electrons [9] which
utilizes the intensity and the energy spectrum of an incoming electron beam as
well as the absorption properties of the medium. The intensity is determined
with a Faraday cup, the energy spectrum is measured magnetically, and the
absorption properties are determined with Sternheimer's formulation of
restricted collision loss |10].

Throughout the 1960's the various primary national standards laboratories
were still not in a position to provide any calibration for electron beams.
However, in 1967 the US National Bureau of Standards started an
intercomparison dosimetry service in which mailed Fricke (ferrous sulfate)
dosimeters were used. This service is still available today.

In 1966, the Sub Committee on Radiation Dosimetry (SCRAD) of the AAPM
published its first electron protocol, entitled "Protocol for the Dosimetry of
High-Energy Electrons" [12]. This protocol was supplemented in 1971 by a
second one for use with X and gamma ray beams between the energies 0.6 and
50 MeV [13]. This protocol, like the first, was endorsed by AAPM. It
utilized fundamental dosimetric concepts as well as physical data from two
documents: (1) Code of Practice for the Dosimetry of 2 to 35 MV X rays and
Cesium 137 and 60 C o gamma Ray Beams by the Hospital Physicists Association
of Great Britian (1969), and (2) Radiation Dosimetry: X rays and gamma rays
with Maximum Photon Energies Between 0.6 and 50 MeV by the International
Commission on Radiation Units and Measurements (1969). A dose conversion
(i.e. roentgen to rad) factor, CX , was used in the protocol. This factor
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contains four important terms: (1) the ratio of weighted mean stopping power
of water to that of air for the secondary electron spectrum produced by the
calibration beam of energy Er.; (2) the ratio of weighted mean stopping power
of water to that of air for the secondary electron spectrum produced by a
photon beam of energy E\; (3) the factor that corrects for phantom material
displaced by insertion of the ionization chamber with built-up cap into the
phantom; and (4) the exposure-to-dose conversion factor for water and ̂ O Q O
gamma-ray ( = 0.965), in rads/roentgen.

Task Group 21 (TG 21) of the Radiation Therapy Committee published the
new protocol in 1983 [7]. The reasons given for the need for an updated
protocol, in addition to the differences in the composition of the chamber
wall and dosimetry phantom mentioned above, are:

1) The concept of in-phantom measurement of exposure at the calibration
energy, a concept that provides the logical basis for several derivations of
dose-conversion factors, was subject to question because in-phantom
measurement of exposure requires that the in-air exposure calibration factor
of the ionization chambers (with buildup cap) remain constant regardless of
the depth and field size employed for the in-phantom measurement.

2) The generally accepted values of the dose-conversion factors for
photons (C\) and electrons (Cg) did not agree for comparable in-phantom
electron spectra produced by photon and electron beams.

3) The replacement factor, which is a function of chamber dimensions
and of the gradient of the depth-dose curve, was incorrectly treated in the
1971 protocol as a constant which is independent of these parameters.

The TG 21 protocol is quite detailed and addresses all of the above
items. It includes a parameter, Ng a s', which did not appear in previous
AAPH protocols. N» a s is a function various chamber-dependent parameters in
addition to the 6°Co exposure-calibration factor. (The NBS uses a 6 0Co
beam as its high-energy photon source; the National Physical Laboratory of the
UK uses a 2 MV X-ray unit).

As stated above, the TG 21 protocol covers the calibration of the
following radiation beams: 6 0Co gamma-rays, X-rays with nominal
accelerating potentials in the range of 2-50 MV, and electrons with mean
incident energies in the range of 5-50 MeV.

According to this protocol,

1) The primary dosimeter shall be an ionization chamber having a
calibration factor for 6 0Co gamma rays directly traceable to NBS. The
recommended ionization chambers are of the (i) plane-parallel design with
electrode spacing and collecting electrode diameter not to exceed 2 mm and
2.6 cm, respectively, (ii) cylindrical design with internal diameters less
than 1 cm. Whenever possible, ionization chambers should be constructed of
the same material as the phantom.

2) The protocol recommends that beam calibrations be expressed in terms
of dose to water. Water, polystyrene, or acrylic phantoms may be used. When
plastic phantoms are used, various scaling and dose-transfer factors must be
employed with which one obtains the dose to water. The dimensions of the
phantom should be such that a 5-cm margin is present with the largest field
size. Also, at least 10 cm of material beyond the dosimeter is necessary to
assure maximum scatter.
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3) The measurement depths for beam calibration shall be (i) depth of
the dose maximum or on the exponentially decreasing portion of the depth-dose
curve for photons, and (ii) depth of dose maximum for electrons. The depth
chosen for photons is dependent on the internal dimensions of the ionization
chamber.

The application of the TG 21 protocol for calibration of high-energy
beams is essentially a two-step process. First, the dose to gas (air) in the
chamber is determined; this is the product of the cavity-gas calibration
factor Ngas and the electrometer reading corrected for ion recombination.
(Ngas may be calculated from the

 60Co calibration factor and other data
given in reference [7], or it may be provided by the calibration laboratory).
Second, the dose to water from photon or electron beams is calculated
according to the methods and data given in reference [7).

The TG 21 protocol contains a very useful set of worksheets which guides
the user in its application. In addition, an example of the use of a set of
worksheets for both photons and electrons is attached to and part of the
protocol.

In April, 1984, the TG 21 protocol was adopted by the RPC. Starting from
that date, an extensive thermoluminescent dosimetry (TLD) intercomparison
study has been carried out [14] as follows:

A TLD was sent to the medical physicist at radiation therapy centre with
instructions that the TLD should be irradiated to the level of 300 rad (3
Gy). The TLD was then returned to the RPC and evaluated for dose. The ratio
of the dose by RPC and by the institution was determined. Figure 5 is a plot
of this ratio for 681 electron beams from various US hospitals. The average
ratio was 0.986. The ratios for 1455 photon beams with energies from
cobalt-60 units through 10 MV X-ray machines gave an average value of 1.003
(See Fig. 6). For 236 photon beams above 11 KV the average ratio was 1.02.

Of all of the centres which participated in this TLD study, 48% are now
using the TG 21 protocol. Low-energy photons show a mean ratio near 1.00,
whereas both electrons and high-energy photons show a mean displaced from a
ratio of 1.00. The RPC believes that this "reflects the difference between
the new AAPM (TG 21) protocol used by the RPC and previous protocols used by a
significant number of participating institutions." The RPC is recommending
that all institutions use the TG 21 protocol. It may be that certain data in
the protocol are improved upon over the time since the protocol was
published. However, the director of the RPC, Dr. William F. Hanson,
recommends that the data in the tables as presented be used for the next 5 or
6 years with no changes. If some institutions were to use data from tables
other than those in the protocol, there would, of course, be less consistency
in patient dosimetry across the US.

Although the TG 21 protocol appears to be quite satisfactory for the US,
it may not be so for the needs of other countries. To address the wider
community of nations, the IAEA convened an Advisory Group to draft an outline
of an international Code of Practice for Absorbed Dose Determination in Photon
and Electron Beams and define some general principles to be followed by
authors of the code [15]. The authors selected to write the code were persons
who had worked on various national protocols and included persons from Canada,
the Federal Republic of Germany, Spain, Sweden, and the US. The IAEA
published this International Code of Practice in 1987 [16].
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